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I 

BACKGROUND AND INTRODUCTION 

Carboranes are mixed hydrides of carbon and boron in which atoms 
of both elements feature in the electron deficient polyhedral molecular 
skeleton. Fulfilling an invitation to chronicle the evolution of their chemis^ 
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try has not been without problems. However, a number of pleasant sur¬ 
prises have been brought into focus in retracing the last 40 years. Prior 
to the 1950s there were no recognized carboranes; however, by the end 
of the 1950s, examples of two or three kinds of carboranes had been 
discovered. Our small group on the west coast of the United States (/) 
discovered the first carboranes, i.e., the c/o5f>carboranes, 1,5-C2B3H5 (1), 
1,2-C2B4H6 (2), 1,6-C2B4H6 (3), and 2,4-C2B5H7 (4) (2-5) although in a 
low, synthetically useless, combined yield of less than 2%, The correct 
structures, deduced (3-5) from their “B NMR spectra, are illustrated in 
Fig. 1 along with selected, but incorrect, classical alternatives (A, B, C, 
D, and E) favored at the time by traditionalists to avoid five coordinate 
carbons and multicenter bonding. Throughout this article, with a few 
obvious exceptions, the sticks in the ball and stick illustrations represent 
connections rather than bonds. As multicenter bonds are invariably pres¬ 
ent there are more connections than electron pair bonds. 

Shortly thereafter, other groups of investigators (6-18) in the Eastern 
United States, as well as a group in Russia (79-27), reported the discovery 
of the much larger (10 boron) icosahedral c/o*so-carborane, l,2-C2B,oHi2 
(6) (Fig. 2), in much higher yields. Somewhat more reasonable, but still 
incorrect, suggested structures (F, G, H, and I) are also displayed in Fig. 
2. Interestingly, nonclassical multicentered bonding was not rejected in 
the B,o portion of the molecule as the structure of BioH,4 was well known. 

The majority of the structural patterns, the emphasis of this article, 
became evident from structural studies on the more illuminating smaller 
c/o^o-carboranes (Fig. 1), while the overwhelming majority of carborane 
synthetic chemistry was subsequently derived from reactions involving 
the more important icosahedral c7o5o-carboranes (Figs. 2 and 3). As this 
account concentrates on structural patterns, as opposed to synthesis, the 
smaller c/o^o-carboranes get top billing. We cover first the entire range 
of c/o^o-carboranes (Figs. 1 through 7) and return for a more detailed 
discussion later. 

Once the nonclassical structures, (1) to ( 8 ), had been established and 
accepted for the closo-C 2 B^H„ + 2 series, wherein az = 3, 4, 5, and 10, it 
seemed reasonable that an intermediate sized species could be prepared, 
namely a derivative of C2Bf,H8 (9) (22), wherein n = 6 (Fig. 4). By this time 
classical structural alternatives had been abandoned and only nonclassical 
cluster structures with multicenter bonds were considered (see Fig. 4). 

The remaining medium sized c/o^o-carboranes, C 2 B 7 H 9 (10), 1,2- 
C2B8 H,o (11), 1,6-C2B8 H,o (12), 1,10-C2B8H,o( 13) (all in Fig. 5), and 
C 2 B 9 Hjj (14) (in Fig. 6) were prepared by Hawthorne and co-workers (23) 
by the degradation of the icosahedral compounds. The incorrect structure 
for the monoanion c/o^o-CBjoHiJ” is illustrated as Q, in Fig. 6, while 
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Fig. 1. Smaller r^xvo-carboranes: l,5-C2B3H5 (1), l,2-C2B4He, (2), 1,6-C2B4H5 (3), 2,4- 
C 2 B 5 H 7 (4), 2 , 3 -C 2 B 5 H 7 (5), and the classical alternatives, A, B, C, D, and E. 


the correct structure (20) is shown in Fig. 7 (2J.24), along with the other 
monocarba-c7o3o-carborane species. 

Long before humans crossed the Bering Straits from Asia into North 
America, the Los Angeles basin was home to exposed pools of hydrocar¬ 
bons, the La Brea Tar Pits. Oil deposits, deep under what is now Long 
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8p2-c 





Fig. 2. The structure of the icosahedral c7as7>>carborane, K2-C2BioH]2 (6) and its incor¬ 
rect alternatives, F, G, H, and 1. 


Beach in Southern California, leaked to the surface and appeared as small 
lakes of hydrocarbons amidst Cypress and Pine groves on a sage brush 
plain in Los Angeles over 20 miles to the north. The volatile components 
evaporated and a sticky asphaltic, optically smooth mass remained. At 
times, water, sand, or dust collected over the surface and grasses masked 
the edges; a more certain death trap is difficult to imagine. The pursued 
and their pursuers encountering the tar were quickly ensnared, entombed, 
and embalmed. In this century, the bones of many predators, extinct for 
over 10 thousand years, such as 11-ft-tall flat-faced bears, giant American 
lions, saber-toothed tigers (Smilodon fatalis), dire wolves and their prey, 
horses, camels, enlarged versions of ground sloths, and the Antique bison, 
as well as mammoths and mastodons, have been recovered from the 



clo-12<lll> 

( 3 - 100 ) 



1,2-C2BioH12 


1.7-C2BioH12 


L 

bipyramidal 


“carborane” 


“neocarborane" 





1,12-C2BioH12 


Fig. 3. The icosahedral c/oio-carboranes, l,2-C2BioHi2 (6) (at one time thought to be 
the puckered "carborane,” J), l.T-CjEioH,. (7) (at one time thought to be the stretched 
“neocarborane,” K), and l,12-C2BioHi2 (8). 




bipyramidal 





Fig. 4. The intermediate-sized c/o5o-carborane, (9) and its fanciful deltahedral 

alternatives, L, M, N, and O. 
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Fig. 5. The medium-sized davo-carboranes, CiB 7 H 9 (10), 1,2-CoBgHio(ll), l, 6 -C 2 B}jHio 
( 12 ),and MO-C.BgHioda). 


long congealed tar and reassembled, their soft tissues incorporated into 
the asphalt. 

Most of the early paleontology was directed by Chester Stock 
(1892-1950) (28) of the University of California, Berkeley, and the Califor- 



clo- 1 l 6 <lll> 

(390) 



Fig. 6 . The r/oio-carborane, C 2 B 9 H 11 (14) and related incorrect carbon location isomers 
P and Q. 
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Fig. 7, The monacarba-c/oio-carborane, CB 3 H 7 (15) (27) and the related c/aso-anions, 
(16), CBtHj]- (17), CBgH,]- (18), CB 9 H 10 ]- (19), CB,„Hi|]- (20) (26), and 
CB||H,2]- (21). 


nia Institute of Technology. His original collections are on display in the 
Page Museum at the La Brea Tar Pits. 

Chemists of today, gazing into these tar pits, cannot help but wonder 
how many different types and kinds of compounds, primarily hydrocar¬ 
bons, must exist in each handful of such tar; surely hundreds, perhaps 
tens of thousands. Today, DNA, and ‘''C analyses are furnishing 
information on the faunal relationships between ancient and modern spe¬ 
cies, their normal temperatures during their lifetime, and the years since 
their death. 

Of more recent vintage and enshrined at the University of Southern 
California is Anton B. Burg, the first American born, exclusively American 
educated, hydroboron chemist and boron chemistry’s link with it’s classi¬ 
cal past. It was Anton Burg who, seeking pure boron by the Weintraub 
electric-arc method, was able to modify it into the first reasonable-yield 
synthesis of diborane, B2Hfi (29). He subsequently obtained the support 
of his mentor, Hermann I. Schlesinger, for a critical restudy and extension 
of the works of the great German chemist. Professor Alfred Stock, the 
father of boron hydride chemistry (28). Indeed, Alfred Stock then adopted 
for his own use the Burg-Schlesinger diborane synthesis. 

Although Alfred Stock reported in 1923 (30) and reviewed in his 1933 
book (31) that diborane and ethylene reacted to produce aromatic smelling 
substances (no doubt the products of hydroboration), it was Burg (29) 
who first systematically hydroborated double bonds by reacting diborane, 
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BjHfi, with the carbonyl moieties of aldehydes, ketones, and esters, i.e., 
CH 3 CH= 0 , (CH 3 ) 2 C= 0 , and HC(=O) 0 CH 3 , and by identifying the dial- 
koxyborane products, (RO) 2 BH. Hurd (S2) quantified the reactions of 
diborane with olefins (hydroboration of C=C double bonds) by identifying 
the trialkylborane products, BU 3 B and Et 3 B, produced from the reactions 
of diborane with butene and ethylene in the gas phase. Subsequently 
the elegant and exhaustive extension of the Burg-Hurd hydroboration 
reaction to olefins in solution by H. C. Brown (propelled by his discovery 
that ethers were catalysts) plus his discovery of the hydroboration re¬ 
arrangement (SS) [see brachiation below {34)\ enabled him to develop the 
broad chemistry of hydroboration for which he was awarded the Nobel 
Prize for Chemistry in 1979. 

Since hydrocarbons are compounds of carbon and hydrogen, and boron 
hydrides are compounds of boron and hydrogen, then perhaps it is appro¬ 
priate that the first carboranes (hybrid compounds of carbon, boron and 
hydrogen) were discovered (2-5) in Pasadena, California (/), during the 
middle 1950s, in close proximity to Anton B. Burg and just across town 
from the La Brea Tar Pits. 

In the early 1950s, Lipscomb (55) and Kasper et al. (36) elucidated the 
structures of pentaborane, B 5 H 9 and decaborane, BtoH, 4 > with certainty 
and had popularized the idea that boron hydrides, or polyboranes, had 
polyhedral cage structures. It was noted that the structure of pentaborane 
resembled a fragment of a regular octahedron and that the structure of 
decaborane could be viewed as a fragment of an icosahedron, the polyhe- 
dra already known to be present in elemental boron. The concept of three- 
center two-electron (3c-2^) bonds had come into vogue, suggested by 
Longuet-Higgins (37) and popularized by Lipscomb (55). 

In the early 1950s, it was thought that the United States could develop 
a long-range aircraft that would utilize a lightweight boron hydride or a 
boron hydride derivative as its fuel and to that end, massive governmental 
expenditures had been authorized (59). During these investigations, car¬ 
ried out under a government-imposed veil of secrecy, it was found that 
none of the pure polyboranes had optimum physical characteristics for a 
fuel and it was thought that perhaps certain hydrocarbon derivatives of 
selected polyboranes would have the required properties. Alkyl deriva¬ 
tives of boron hydrides were envisioned for this purpose, not carboranes. 

Many hydrocarbons and polyboranes were mixed together and caused 
to react in various ways. Alkyl polyboranes such as ethyldecarborane, 
C 2 H 5 B,oH, 3 , and propylpentaborane, C 3 H 7 B 5 H 8 (1,6-8), as well as numer¬ 
ous alkyl and polyalkyl derivatives of diborane, R^B 2 H 6 .;j (40), were pro¬ 
duced and tested as possible high-energy fuels. 
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II 

CARBORANES, CARBOCATIONS, AND POLYBORANES 

The first process known to produce carboranes took place in the Pasa¬ 
dena laboratory of Olin Mathieson Corporation (/) under the sponsorship 
of the U.S. Office of Naval Research. It involved a reaction between B 2 H 6 
and acetylene. Such a mixture explodes if sparked or ignited with a hot 
wire, producing primarily intractable solids and hydrogen. In addition, 
however, something less than 1% of the boron was found to be incorpo¬ 
rated in volatile products containing boron and carbon as well as hydrogen. 
The mass spectra of these “unknown” compounds revealed that they 
were not simple alkyl derivatives of polyboranes. 

The positive ion mass spectrometer had come into usage by the early 
1950s and its availability enabled the identification of many compounds 
formed only in trace amounts. Subjecting these volatile products to mass 
spectroscopic analysis enabled Landesman (39,41) to tentatively identify 
(-1953) molecular species such as C 2 B 3 H,, C 2 B 4 Hy, and C 2 B 5 H, as compo¬ 
nents in these mixtures; the identities of x, y and z were then unknown. 

Later, Keilin et al. (4,34) observed that the same compounds were 
produced from the reaction between pentaborane, B 5 H 9 , and acetylene 
in a silent electric discharge (plasma?) apparatus, i.e., Burg’s original 
equipment for producing B 2 H 6 from BCI 3 and H 2 . Moreover, it was found 
that the values of y and z in C2B4H,, and C2B5H, were 6 (or greater) and 
7 (or greater), respectively. The mass spectrometers available circa 1953 
were of such an ionizing voltage that the parent ions of several hydrogen- 
rich polyboranes such as B 2 H(,, B 4 H 10 , and B 5 H,j, i.e., those molecules 
that contained BH 2 groups, could not be detected. Hence only the mini¬ 
mum numbers of hydrogens associated with the borons and carbons in 
the parent compounds could be established with certainty; then there was 
always the possibility that one or two hydrogens would not be detected. 

The writer, assisted by the late C. David Good (42) (a one-time graduate 
student of Anton Burg), repeated the Keilin synthesis in 1956 and accumu¬ 
lated sufficient material for separation and spectroscopic analysis. The 
infrared and ‘’B NMR spectra indicated that BHB bridge hydrogens as 
well as BH 2 and CH 2 groups were absent from these products, and the 
data suggested, moreover, that all skeletal borons were in tetrahedral 
sp^ environments rather than planar sp^ configurations. The sharp mass 
spectral cut offs of the boron monoisotopic spectra (43) were also indica¬ 
tive of “hydrogen-poor” molecules (e.g., resembling aromatic hydrocar¬ 
bons) that were resistant to fragmentation. 
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We concluded {3a-3d) that the empirical formulae had to be C 2 B 3 H 5 
(1), C 2 B 4 H 6 ( 2 ) and (3), and C2B5H7 (4) (Fig. 1). On the basis of the ^^B 
NMR spectra, we concluded that the structures of these compounds must 
be three-dimensional, nonclassical, and deltahedral (44) (with the carbons 
occupying low coordination vertices and nonadjacent in the most stable 
isomers) rather than two-dimensional, classical, and more or less ‘‘flat” 
like benzene or cyclohexane; see A, B, C, D, and E in Fig. 1, A patent 
was filed in 1959 {2a), only covering C 2 B 3 H 5 (1), as several chemist-admin¬ 
istrators and patent lawyers were squeamish about the correctness of our 
structures for (2), (3), and (4) favoring instead structures more like B, C, 
D, and E. In the patent, C 2 B 3 HS is described as containing two identical 
CH groups and three identical BH groups but the lawyers would not take 
the risk of suggesting structures such as (1) or A; conversations circa 
1490 between Columbus and Ferdinand and Isabella spring to mind. 

These events took place some 40 years ago, we were young and flexible, 
influenced strongly by Lipscomb, and our imaginations not yet cross- 
linked. The carbon placement patterns (wherein carbon prefers (a) low 
coordinated and (b) nonadjacent sites) were easily deduced from the struc¬ 
tures illustrated in Fig. 1. However, these patterns were not accepted by 
many investigators (e.g., P in Fig. 6 ) (23) until the late 1960s and a number 
of younger authors are unaware of this generality (see Q in Fig. 6 versus 
(20) in Fig. 7) (26). 

The structures in Fig. 1 were made public on September 8 , 1961 {3a,3b). 
Seventeen days later Lipscomb included them in a paper he submitted to 
the Proceedings of the National Academy of Science (2c) and shortly 
thereafter theoretical calculations were carried out (1962) by Hoffmann 
and Lipscomb {3d), following which they concluded that our proposed 
structures for 1 , 5 -C 2 B 3 H 5 , 1 , 6 -C 2 B 4 H 5 , and 2 , 4 -C 2 BSH 7 represented the 
most stable structures for those compounds. They extrapolated their calcu¬ 
lations to include the larger compound, C 2 B,oH ,2 (at that time formally 
unreported in the open literature), and supported an icosahedral structure 
based on its probable similarity to the dianion Bj^Hi^]^" whose structure 
had been anticipated by Lipscomb et aL (45) and by Longuet-Higgins and 
Roberts (46), 

The discoveries of the icosahedral carboranes (Figs. 2 and 3) took place 
independently of the smaller carboranes (47). It has always been intriguing 
that the icosahedral carboranes, having been kept secret in government 
sponsored work in the U.S.A. for over 5 years, became public in both 
the U.S.A. (papers submitted in January through July, 1963 to Inorganic 
Chemistry) (10-12) and in the former USSR (papers submitted on August 
24, and September 28, 1963) (21) at almost the same time. Surprisingly 
the Russians (27) interpreted their X-ray data as supporting the incorrect 
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structure incorporating a bidentate, —CH=CH—, group (F in Fig. 2), 
which was also favored by at least one U.S.A. group in the absence of 
X-ray data (see below). Between the end of World War II and the breakup 
of the Soviet Union, both the U.S.A. and the USSR kept close watch on 
each other’s research progress. With the recent dissolution of the USSR 
and the opening of its KGB records we may learn one day why the dates 
of publication almost coincide. 

All of the smaller carboranes (Fig. 1), as well as the icosahedral carbor¬ 
anes (Figs. 2 and 3), were temporarily designated as military secrets 
following their discovery. For this reason, 5 or 6 years passed between 
structural projections and declassification for publication. The results 
of this delay were mixed, in that while time was allowed for the correct 
deltahedral structures to be adjudicated before publication, many of 
the original participants became otherwise occupied (and several may 
have been ignored) when their work was eventually written up and 
published. The full story on the discovery of the icosahedral carboranes 
(Figs, 2 and 3) consequently has not yet been completely elucidated 
nor can it be reported here with authority. Based on published matter, 
“hearsay,” and 30- to 40-year-old recollections, the following sequence 
of events can be offered. 

In Fig. 2 is displayed the correct structure of the l, 2 -C 2 B,oHi 2 icosahe¬ 
dral carborane ( 6 ) as well as several incorrect structures that were pro¬ 
posed at the time of discovery. Four structures that were progressively 
less appealing to the traditional chemical community were suggested. 
These candidate structures would have incorporated either a bivalent 
group, —CH=CH—, F (with classical three-coordinate carbons), tetrava- 
lent groups, >CH—CH<, G and H (with classical four-coordinate jj? 
carbons), or (less desirable) each of the carbon atoms is fj?, =CH—CH=, 
I (with nonclassical five-coordinate carbons). 

The correct structure was found to be that of l, 2 -C 2 B]oH |2 ( 6 ), which 
incorporates an even less attractive (to the traditionalists) =CH—CH= 
group with two neighboring nonclassical six-coordinate, carbons. 

As with the aberrant structures for C 2 B 3 H 5 , C 2 B 4 H 5 , and C 2 B 5 H 7 (A, 
B, C, and D in Fig. 1) the more familiar classical, electron-precise thinking, 
died slowly. The traditionalists viewed the hydrocarbon part and tried to 
give it a conventional or classical structure. They considered it sufficiently 
arcane that inorganic polyboranes unequivocally had polyhedral fragment 
structures, increasingly identified with seditious terms such as nonclassi¬ 
cal, electron-deficient and incorporating three-center two-electron Oc-2e) 
bonds, etc., but to think that the familiar, conforming, well-behaved or¬ 
ganic hydrocarbon moieties would also be involved in such nontraditional 
electron-deficient 3c-2e bonding was virtually incomprehensible! 
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In retrospect, an alkyl derivative of 1, 2 -C 2 B,oH, 2 , of unknown structure 
at the time, must have been synthesized in the late 1950s as various patent 
filings refer to the preexistence of such a compound. Bobinski (9) or 
Rose {48) of Reaction Motors Division of Thiokol Chemical Corporation 
apparently carried out the first synthesis between isopropenylacetylene 
and B,oH, 2 (NCCH 3)2 , but the correct structure remained in a state of flux 
(at least in the minds of many investigators) up to the time the Reaction 
Motors-Thiokol manuscripts were submitted to Inorganic Chemistry for 
publication in January through July of 1963. 

Recruited as a referee, and benefiting from having previously deduced 
the structures of the much more easily characterized smaller closo-carbor- 
anes of Fig. 1, we argued for the icosahedral structures, illustrated in 
Figs. 2 and 3, as simple extensions of the series, closo-C 2 B„ii„+ 2 , as 
typified in Fig. 1. From most of the originally submitted manuscripts (one 
or two were never published completely) it is now obvious that most 
investigators (including Heying and co-workers from Olin Mathieson 
Chemical Corporation) supported the correct icosahedral structures illus¬ 
trated in Figs. 2 and 3 by early 1%3. However, others still considered 
some of the alternatives (F, G, H, I, J, and K) as reasonable as late as 
July 1963. 

In August of 1963 a paper supporting the correct icosahedral structures 
with six-coordinate carbons (Fig. 3) was submitted for publication by 
Schroeder and Vickers (13), which should have ended the debate for all 
time. In 1964, however, Zakharkin et al. reaffirmed their support for the 
bidentate “basket-handle,” —CH==CH—, structure, F in Fig. 3 (with 
classical three-coordinate carbons) {21), for C 2 B,oH| 2 - Lipscomb et al. 
quickly responded with data supporting the icosahedral structure {15,16). 
Disputes concerning classical versus nonclassical carbons in electron de¬ 
ficient clusters (see below) seem to incite outrage, more akin to religious 
zealotry than science. 

Now, more than 30 years later, Paetzold et al. {49a) have recently 
reported the icosahedral azaborane, NB||H ,2 (isoelectronic and isostruct- 
ural with C 2 B 10 H 12 ), which incorporates an unprecedented six-coordinate 
nitrogen (totally unthinkable in the early 1960s outside of metal nitride 
chemistry)! Would it be heresy to suggest that a metastable c/ 050 -icosahe- 
dral oxygen analog, :OB||H|, or the related cation, OB,iH, 2 ]^ (with a six- 
coordinate oxygen), may one day be reported? Following submission of 
this review the related anion, nido-B^^¥i.^ 2 \~, was reported by Frange et 
al. {49b). 

The final acceptance of the more symmetrical icosahedral structure, ( 6 ) 
in Fig. 2, for the 10-boron “carborane,” ultimately shown to be 1,2- 
C 2 B 10 H 12 , amusingly received a setback when a second compound with 
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the same empirical formula, transiently named ‘"neocarborane,” was dis¬ 
covered (see Fig. 3). It was suggested in 1963 that carborane and neocar- 
borane were static isomers of C 2 BioHi 2 that merely differed from each 
other by the length of their CC bonds. Carborane, J, was considered to 
have an ultra short CC bond (i.e., puckered), which allowed five-atom 
exocyclic derivatives to be formed involving the two carbons while neo- 
carborane, K, with the long CC bond disallowed the formation of five- 
atom exocyclic derivatives. Carborane and neocarborane would truly have 
been examples of the bond stretch isomers later contemplated by Chatt 
et al. in 1971 {50) and Hoffmann and Stohrer in 1972 {51) and which 
were recently discussed by Mayer under the title “Fact or Fiction” (52). 
Carborane, J, was actually l, 2 -C 2 BioH ,2 ( 6 ) and neocarborane, K, was 
ultimately shown to be its isomer l, 7 -C 2 BioHi 2 (7) (55). 

The smaller c/o^yo-carboranes, C 2 B 3 H 5 (1) and the C 2 B 4 H(, isomers (2) 
and (3) and 2 , 4 -C 2 B 5 H 7 (4) all have bipyramidal structures that monotoni- 
cally increase from trigonal, to tetragonal (octahedron) to pentagonal 
bipyramids, respectively, as opposed to the traditionalist favored classical 
structures, (A, B, C, D, and E in Fig. 1). It might speciously have been 
anticipated that the structure of the next larger species, C 2 B 6 Hg, would 
naturally have a hexagonal bipyramidal structure (L in Fig. 4) rather 
than our proposed (22) most-spherical structure (9). In fact the hexagonal 
bipyramidal structure, L, for a static C 2 B 6 Hg would fit the experimental 
^‘B NMR spectrum quite well (22); i.e., the four lower coordinate (4k) 
borons should be found at lower field while the two higher coordinated 
( 6 k) borons should be found at higher field in a 4; 2 ratio as is observed. 

The terms 4k and 6 k indicate the numbers of other skeletal borons and 
carbons to which the atom under consideration is connected; endoterminal 
groups, exoterminal groups, and bridging groups are not included in 
this count. We deliberately utilize two distinct accounting systems; the 
generally more important connectivity system 2k, 3k, 4k, 5k, and 6 k 
enumerates the number of other skeletal atoms to which a given atom is 
connected, before any terminal or bridging groups are attached. These 
values ( 2 k to 6 k) tend to indicate where various skeletal heteroatoms 
are most likely to reside and the subsequent disposition of bridge and 
endohydrogens in the thermodynamically most stable skeletal configura¬ 
tions in the absence of overriding factors. In contrast, the coordination 
number system (CN) includes all atoms within bonding distance of a given 
atom, after terminal and bridging groups are attached. 

To further complicate the issue two additional static structures, clo- 
8 <IV), M, and clo- 8 <IV + IV), N, (see Fig. 4), were also compatible with 
the ‘'B NMR spectrum, the former having four 4k borons and two 5k 
borons in a 4 : 2 ratio and the latter having six 4k borons (but of two kinds) 
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in the ratio of 4:2 as is illustrated in Fig. 4. An even less acceptable 
bicapped trigonal antiprism, O, was considered even though it would have 
been expected to display a reversed 2:4 ratio in the “B NMR spectrum 
(low field to high) rather than the 4 :2 ratio observed. 

The term clo-8{IV) is the shorthand designation for a closo-compound 
(based on electron count) with eight-skeletal borons and carbons with a 
four (I V)-membered open face, while the designation clo-8{I V + IV) refers 
to an Archimedian anti prism and differs in having two square (IV-gonal) 
open faces. The most spherical structure (9), as well as candidates L and 
O, would all be described as clo-8{III) configurations as their largest 
apertures are triangles (Ill-gons). 

In spite of the three candidate static structures, all of which were simplis- 
tically compatible with the NMR spectrum without additional rational¬ 
ization, the presence of two 6k vertices in one case and square open 
faces in the other two isomers made all three unacceptable in our view. 
Consequently, in 1965 we proposed the most spherical, dodecahedral 
(bisdisphenoidal) alternative, 1,7-C2B6H8 (9) only (22), with four 4k verti¬ 
ces and four 5k vertices even though the anticipated 2:2:2 *^B NMR 
spectrum was not observed. We assumed that either coincidental overlap 
of signals or fluxional behavior made the anticipated 2:2:2 pattern sim¬ 
plify into the 4:2 "B NMR spectrum observed experimentally. Hoffmann 
subsequently endorsed structure (9) as the most stable on the basis of 
calculations (55). Later (1966) Hawthorne and co-workers also reported 
C 2 B 6 H 8 (2i). They favored the Archimedian antiprism, clo-8{IV -h IV), 
configuration, N, in Fig. 4. Our predicted (22) bisdisphenoidal deltahedral 
configuration (9) for 1,7-C2B6H8 was confirmed in the crystal (56) (X ray) 
and recently supported theoretically {ab initio/lGLO/NMR) for the same 
structure in solution (57,55). 

The ab initio treatment optimizes one or more candidate structures, 
and the IGLO calculations generate ‘^B and NMR chemical shift values 
for the various optimized candidate structures. Success is achieved when, 
and if, one set of the predicted and the experimentally observed chemical 
shift values match almost exactly. 

Skeletal atoms that donate more skeletal electrons than their neigh¬ 
boring atoms tend to occupy the more electron rich vertices that have the 
smaller numbers of connections. Thus carbon (a three skeletal electron 
donor; 3 SED) preempts less-connected 3k and 4k vertices while 5k verti¬ 
ces are tolerated. In contrast, boron (only a two skeletal electron donor; 2 
SED) occupies greater-connected 4k and 5k vertices with even 6k vertices 
being tolerated in rare instances. 

The only set of cases where borons in 6k sites are found includes the 
isostructural clo-ll(III) series, closo-C 2 B^Hiy (14), c/o^o-CBjoHj,]' (20) 
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and , each of which incorporates one 6 k boron site, close- 

C2B9Hn was discovered by Hawthorne and co-workers (59) who assigned 
the correct structure (14) illustrated (60) in Fig. 6 , but not before it was 
suggested by a referee (59) that a higher coordinated pair of vertices for 
the carbons (P in Fig. 6 ) was also compatible with the spectrum. The 
remaining cioso-spccits, C 2 B 7 H 9 (10) and C2B8Hio(12), and (13) (isomers) 
were identified by 1966. 

Within the same time frame (1950s and early 1960s), organic chemists 
investigating carbocations, notably Winstein et ai, were proposing struc¬ 
tures incorporating nonclassical five-coordinate carbons involved in 
multicenter bonding (61) for several electron-deficient hydrocarbon cat¬ 
ions, namely the Ayp/io-trishomocyclopropenium ( 22 ) and arachno-2- 
norbornyl (23) carbocations (Fig. 8 ). These structures were proposed to 
incorporate CCC ?ic-2e bonds in their most stable configurations and even 
CHC 3r-2e bonds during rearrangement. Decades of resistance to such 
unsavory suggestions ensued, which have been summarized in H. C. 
Brown’s 1977 book, “The Non-Classical Ion Problem” (62) with a com¬ 
mentary by Paul V. R. Schleyer. On the other side of the debate, and 
'H NMR studies by Olah et al. (in the early 1970s) of stable carbocations 
in superacids and magic acid (61) clearly dispelled any reasonable objec¬ 
tions to electron-deficient, nonclassical carbocations by unequivocally 
proving the nonclassical structure of the 2 -norbornyl cation with a cen¬ 
trally located CCC 3c-2e bond (6Ja,b)\ Such a structure has recently 
been confirmed by an x-ray crystallographic study of the salt of a methyl 
derivative (b/c). 

The author suggested (1962) (34) that hybrid arachno-CdirhormG^ config¬ 
urations (Fig. 9), with dynamic BHC 3c-2e bonds, participated as unde¬ 
tectable intermediates (24) or transition states in the brachiation of boron 
atoms along hydrocarbon chains to explain H. C. Brown’s hydroboralion 
rearrangement (33), This mechanism was initially greeted with skepticism. 




trishomocyclopropenium 


Fig. 8 . The nonclassical structures of trishomocyclopropenium (22) and 2-norbornyl 
(23) cations. 
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Fig. 9. The Brachiation intermediates (24a) and (24b) and the carborane cations (25) 
and (26). 


but was ultimately proved to be correct by Rickborn and Wood (1971 and 
1983) (34). 

Recently, stable cations with static BHC 3c-2e bonds have been ob¬ 
served ("B NMR) at very low temperatures in superacid solutions by 
Williams et al. (63,64). These unusual BHC bridge hydrogens are found 
in isoelectronic and isostructural carborane analogs of the well-known 
polyboranes «/do-B 2 H 6 and arac/mo-BjHg]". The carborane analogs are 
the cations, «/do-Me 2 CBH 4 ]^ (25) and arachno-MeC 2 BHy]^ (26) in Fig. 9. 

Weiss (63) was the first to synthesize a /iWo-carborane. He produced 
nido-C 2 B 4 Hg (32) (Fig. 10), in the late 1950s by the long-term, low-tempera¬ 
ture heating of a mixture of B 5 H 9 and acetylene and determined its empiri¬ 
cal formula. Its hexaborane-like structure was deduced (Fig. 10) from the 
"B spectrum (66). Onak subsequently developed a high yield synthesis. 
Recognition that /iWo-C 2 B 4 Hg (32) was isoelectronic and isostructural with 
hexaborane, BgH,o (28), foreshadowed the conclusion that the carboranes 
would structurally resemble the boron hydrides or polyboranes more than 
they would hydrocarbons, e.g., the many isomers of CgHjo. In Fig. 10 are 
illustrated hexaborane and the myriad of hexaborane-related carboranes. 
All show the family resemblance to B^Hio (28). The numerical styx (0260 
to 5210) and S/x (620) numbers of Fig. 10 are explained below. 

The more recently discovered alkyl derivatives of the all-carbon cluster, 
CgHgl^^ (29), have hexaborane-like structures (67) reconfirming the con- 
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Fig. 10. wV/o-Hexaborane, B(,H|o (28), and its isoelectronic analogs (27, 29-31, 33-41), 
including C2B4H8(32) and (42). 


elusion that the common denominator of the compounds illustrated in 
Fig. 10 is electron deficiency, and whether or not the molecular skeleton 
is all boron, all carbon, or of mixed boron and carbon atoms is of lesser 
consequence. If a series of compounds are electron deficient, and assuming 
that they have the same number of heavy atom Tic-le bonds (e.g., BBB, 
BBC, BCC, or CCC bonds), then the structures are always quite similar. 
Thus there is a polyborane-carborane-carbocation continuum of struc¬ 
tures that decreases in the number of additional 3c-2e bonds in the form 
of bridge hydrogens in the order mentioned. 

In discussing carboranes, polyborane configurations must also be dis¬ 
cussed as the structural rules and patterns that pertain to the many exam¬ 
ples of polyboranes are directly applicable to the numerous carboranes 
and to the far less numerous nonclassical carbocations as well. 

The carboranes were discovered as by-products in a program whose 
objective was to develop alkyl derivatives of polyboranes suitable for use 
as high-energy fuels. Certain c/oso-carboranes turned out to be of superior 
thermal stability but with low fuel values. In an effort to exploit these 
unexpected properties, programs were subsequently undertaken for incor- 
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Fig. 11. c7o56>-Carborane siloxane copolymers, (43) and (44). 


porating selected c/o,yo-carboranes into polymers for use at high tempera¬ 
tures and/or in other special circumstances. The carborane siloxane poly¬ 
mers, Dexsir” (43) and Pentasil (44), (Fig. 11 ) are representative of copol¬ 
ymers {68) that grew out of the discovery of the c/o^o-carboranes. 

In spite of their high thermal stability and low fuel value, selected alkyl 
c/o.so-carboranes, e.g., performed unusually 

well as rocket additives when admixed with other fuel-oxidizer mixtures. 
These alkyl c/o.so-carboranes serve as burn rate enhancers so that even 
though they do not contribute as high energy fuels, they improve accuracy 
by substantially shortening the time between ignition and arrival-at-target. 


SKELETAL ELECTRON PAIR BONDS IDENTIFIED BY sf/x AND CHOP-Sfx 

Among Lipscomb’s contributions to polyborane chemistry (see Fig. 12) 
was the idea that the various polyborane structures could be described 
as constructed about the vertices of two concentric pseudospherical sur¬ 
faces, the skeletal atoms, occupying adjacent sites (vertices) on the inner 
sphere, while the terminal groups occupy radially identical sites on the 
outer sphere {38). Lipscomb differentiated between the inner-skeletal com- 
ponents and the exoterminal components. The inner-skeletal compo- 
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Fig. 12. Evolution of the relationships between class and empirical formulae, geometrical 
systematics, and skeletal electron accounting. 
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nents include the skeletal atoms of the core clusters (i.e., the borons and 
both the bridge hydrogens and endohydrogens) and the skeletal electron 
pairs that held them together, while the exoterminal components include 
the exoterminal groups (hydrogens, alkyl groups, Lewis base groups, etc.) 
and the electron pair bonds that attach the exoterminal groups to the 
skeletal core cluster. 

Lipscomb also developed a method for cataloging the various types and 
kinds of endoskeletal electron pair bonds that hold the inner sphere atoms 
together. He coined the acronym styx for his method, wherein s stands 
for the number of bridging boron-hydrogen-boron (BHB) 3c-2t> bonds, 
the t stands for the number of BBB ic-le bonds, the y for the BB Ic-le 
bonds, and the x for the endo BH Ic-le bonds of BH 2 groups. In this 
fashion, each boron hydride or carborane structure can be identified by 
a combination of these four numbers and its molecular formula (as an 
example, see Fig. 10). When expressing the formula BpHp + q, analysis 
of the boron, hydrogen, and electron numbers leads to the equations p = 
s + t, q = s + X, and s + t + y + x = p + ql2. 

In Fig. 10 (BftHio and its analogs) each of the empirical formulae is 
coupled with one of six Lipscomb’s styx numbers that vary between 0260 
and 5210 and that identify the four kinds of architectural bonds that hold 
each of the hexaborane-like skeletal core clusters together. The four styx 
numbers identify, in sequence, the numbers of the skeletal BHB, BBB, 
BB, and endo-BH bonds (of BH 2 groups), respectively. 

We use a simplification (69) of the styx treatment in which the bridge 
hydrogens of the BHB groups are ignored. The bridge hydrogens, BHB 
(the s in styx), and BB 2c-2e bonds (the y in styx) are combined under 
one symbol, 5 {styx —> Stx, where 5 = 5 + y). It is as if the bridge 
hydrogens of the BHB groups are chopped off and BB groups remain. The 
result is that one Chop-5/jr number, 620, identifies all of the compounds in 
Fig. 10 (69). As the 5 in the Chop-5/jr code represents both BHB and BB 
bonds it is independent of whether bridging hydrogens are present or 
absent on BB bonds. The 6 in the Chop-5/jr number 620 (the sum of the 
BHB and BB bonds) does not reveal the number of bridge hydrogens but in 
combination with the empirical formulae the number of bridge hydrogens is 
easily determined. For example, it is obvious from the empirical formula 
how many hydrogens are in excess of the number of heavy skeletal atoms, 
and since the value of x (in Stx) reveals how many of that excess must 
be endohydrogens then the difference identifies the number of bridge 
hydrogens that must be present. Absolutely no information is lost in 
this description. 

All of the many diverse boron hydrides, carboranes, carbocations, and 
their anions and cations, isoelectronic with (28), adhere to the 
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Fig. 13. Chop-5ljr numbers. 


Chop-S/Jc number 620 (Fig. 10). This simplifying strategy (69,70) allows 
entire fields to be organized under the abbreviated Chop-S/x notation 
(Fig. 13) of which Stx = 620 is only one small entry. If for some reason 
Lipscomb’s more definitive styx information is desired, it is readily recon¬ 
stituted by a comparison of the Stx number and the empirical formula: 
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CLOSO NIDO ARACHNO HY- 

PHO 




clo-9<lll> ara-7<VI> hy-6<VI> 


Fig. !4. 1992 geometrical systematics. 


IV 

CLASSIFICATION BASED ON GEOMETRY, EMPIRICAL FORMULA, AND 
ELECTRON PAIR BOND RELATIONSHIPS 

In 1971 an attenuated version of the deltahedra-deltahedral fragment 
systematics manuscript was accepted by the journal Inorganic Chemistry 
as correspondence (71). Figure 14 is an expanded version of our 1971 
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proposal (72). Figure 14 differs in that fragments derived from both smaller 
(clo-5(III)) and larger (do-1366(111) and do-1466(111)) deltahedra as well as 
fragments derived from the almost-spherical deltahedra, do-96(III) and 
do-106(111) are included (see below). 

One original objective (72) for promoting the most-spherical geometrical 
patterns was to displace the viewpoint that all carborane and polyborane 
configurations could best be derived from the sacrosanct regular icosahe¬ 
dron and the regular octahedron in the case of B5H9. Our alternative point 
of view was that all n/Wo-structures could be generated from the one- 
vertex-larger most-spherical c/oio-deltahedral structure (6 to 12 vertices) 
by the simple removal of one highest coordinated vertex and that the 
arac/trto-structures could, in turn, be derived from the n/c/o-structures by 
the removal of one additional high coordination vertex (adjacent to the 
open face). The shibboleth that all polyboranes and carboranes should 
best be viewed as fragments of the sacred icosahedron was shown to be 
somewhat flawed (72). 

In a footnote (73), the author suggested (74) that the all-carbon cation, 
nido-CsH^]^, should have a B5H9-like structure; see ( 45 ) and ( 48 ) in Fig. 
15. A few months later the same suggestion was made by Hoffmann (75), 
which was followed by the synthesis of the 1,2-dimethyl derivative of 
nido-C^H^Y by Masamune (76) in 1972. Such developments foreshadowed 
the perception of a continuum of polyborane-carborane-carbocation 
structures (see Figs. 10 and 14). 

Three conclusions have come into focus since 1971 (72): First, the 
icosahedron-icosahedral fragment rationale is only slightly misleading. Of 
course the icosahedral fragment rationale is not applicable to the six 
other c/oio-geometries (clo-6(III) to clo-ll(III) in Fig. 14) but it is only 
completely incorrect for two of the «Wo-configurations, i.e., nido-l{\) 
and nido-9{V), that are within its limited range of forecasting (6 to II 
vertices). Moreover all arachno- and /lyp/io-configurations may be viewed 
as fragments of an icosahedron. Second, while our most-spherical deltahe¬ 
dra rational, as far as carbon-boron skeletons are concerned, accounts 
for almost all of the closo-, nido-, arachno- and /lyp/io-configurations, it 
does not correctly account for the nido-S{Vl), the proposed arachno- 
8(VII), and the nido-\l{W) configurations, unless one additional connec¬ 
tion is broken in each case. 

Third, our 1971 geometrical systematics (72) were endorsed by Wade 
(77) and subsequently by Rudolph (75) expanded by them to include certain 
transition element clusters, metal-hydrocarbon ir-complexes, and eventu¬ 
ally incorporated into what has become known as Wade’s Rules. Subse¬ 
quent developments in all of these areas have highlighted the need (where 
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Fig. 15 . Compounds related to A7/W0-B5H9 (45), B5H8] (46), C2B3H7 (47), and C<5H5]"^ 

(48). 

elements other than boron and carbon are concerned) to think in terms 
of a wider range of parent deltahedra than were needed in 1971 (72). 
This has resulted in reference to exceptions to the original rules, which, 
however, still apply with virtually no exceptions to the carboranes them¬ 
selves. 

The recent 1992-approach (Fig. 14), the most-spherical deltahe¬ 

dra rationale, harks back to the roots of the most-spherical geometrical 
systematics (72). The seminal question is: What was the property of the 
series of most-spherical deltahedra that made them the preferred structural 
precursors for the nido-, arachno-, and /zyp/ro-carboranes? The common 
denominator was, and is, the homogeneous nature of their vertex connec¬ 
tivities. In the 12-vertex icosahedron all vertices are 5k vertices and in 
the 6 “vertex to 10-vertex, most-spherical deltahedra, all are 4k and 5k 
vertices (Figs. 14 and 16). Of course two 3k vertices and one 6 k vertex are 
found in the 5-vertex, clo- 533 (III), and 11-vertex, clo-1 l 6 (IIl), deltahedra, 
respectively, as there are simply no alternative deltahedra incorporating 
only 4k and 5k vertices. In other words, the deltahedra chosen by nature 
for electron-deficient clusters of boron and carbon are most-spherical 
because the vertices in such deltahedra are most homogeneous. There is 
a price exacted for the presence of the two 3k vertices in C 2 B 3 H 5 ( 1 ), 
c 1 o- 533 {III), and the one 6 k vertex in C2B9H11 ( 14 ), clo-116(II1). Among all 
of the c/o 5 o-carboranes, C 2 B,,H„ + 2 ^ compounds C2B3H5 (1) and 
C 2 B 9 HH ( 14 ), which, by necessity, incorporate 3k and 6 k vertices, are 
much less stable than are all of the other c/o.so-carboranes that incorporate 
only 4k and 5k vertices. 

At least two 6k vertices (Figs. 14 and 16) are necessarily present in the 
best possible closo-\3(^{[ll} and cioso-\4(^(^{lU} deltahedra and we suggest 
it is much more than coincidence that closo-C 2 Bi^Hi^ and closo-C 2 B^ 2 ^^^, 
which would be based on the c/ 050 -1366(111) and cfo^o-1466(111) deltahedra, 
each incorporating two 6k vertices, have never been observed. Apparently 
one 6k vertex engenders instability in c/o^o-boron-carbon clusters, while 
such clusters with two 6k vertices are not stable at ambient conditions. 
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Fig. 16a. Five “islands” of candidate r/^?.s^?-deltahedra. 


In the top row of Fig. 16a (highest level) are listed the deltahedra with 
the most homogeneously connected vertices. All incorporate only 4k and 
5k vertices and no 3k and 6k vertices are present. In progressively less 
desirable lower tiers are illustrated sets or islands of deltahedra with one 
6k vertex, two 6k vertices, and three 6k vertices, respectively. Only those 
deltahedra with the most homogeneous vertices available are found in the 
structures of the parent closo-compounds as all vertices must be utilized 
in the parent c/o.vO“Structures. Heretofore, we have not sufficiently taken 
into consideration that if the 6k vertices were excised from the parent 
c7o5'o-deltahedra, in generating the various nido-, arachno-, and hypho- 
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Fig. I6 b. Illustrations of the deltahedra of Fig. I6a. 


fragments, then the presence of 6 k vertices in the parent c /o^o-deltahedra 
becomes inconsequential. Thus these deltahedra containing 6 k vertices 
(undesirable for c 7 <?io-carboranes) may be as acceptable as the most spher¬ 
ical deltahedra in generating the nido-, arachno-, and //yp/to-fragments, 
provided the offending 6 k vertices are removed or become 5k vertices in 
the process of vertex removal (see Figs. I 6 b and I7). 

In comparing Figs. I4, I 6 , and 17, it is seen that the cio-9ft(III) configura¬ 
tion (with one 6 k vertex) is unacceptable for the c/o-vo-species, C 2 B 7 H 9 
(10) in Fig. 5 and (which both adopt clo-9(III) configurations), 

but the second choice, the clo-9(,<III) configuration, is the chosen progeni- 
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Closo-, Nido-, & Arachno- 
VERTICES 

do- 5 6 7 8 9 10 11 12 13 14 

ni- 4 5 6 7 ® 9 10 111113 

ara- 3 4 5 6 1 i 9 101112 



Fig. 17. Deltahedra from which nido- and ^rflc/iMo-fragments are generated. 

tor for the «/do-8-vertex species related to C 2 B 6 Hjo as the offending 6k 
vertex is removed in generating the ni-8(VI) configuration (Fig. 14). In 
the same vein, the 6k vertex is unacceptable in the clo-lO^^III) structure 
for C/ 0 .S 0 -C 2 B 8 H 10 (11) in Figure 5, or for BjoHio]^" (which both adopt 
the clo-lO(III) configuration) but the clo-lO^^III) structure could be the 
deltahedral precursor for the arachno~%-\QriQX species, C 2 B 6 H ,2 (ara- 
8(VII)), if the proposed structure turns out to be correct (79). 

There are no 13-vertex carboranes, but the preferred nidoAl- 

vertex configuration (for boron-carbon skeletons) can be derived (in a 
contrived fashion) from the c/ 05 ’ 0 -13666(111) deltahedron as the removal of 
the central 6k vertex, between the other two 6k vertices, produces a nido- 
fragment with no 6k vertices and the experimentally observed Vl-gonal 
open face (ni-12(VI)) is observed. Similarly, the unacceptable (for exclu¬ 
sively boron-carbon skeletons) do-1466(111) configuration probably ac¬ 
counts for the oroc/z^o-12-vertex structure with no 6k vertices, although 
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no suitable 13-vertex configuration (without 6 k vertices) comes to 
mind, unless an additional cage connection is also removed. 

The preferred open faces for the observed larger /j/c/o-carboranes alter¬ 
nate between V-gonal and Vl-gonal, which may be significant: 

ni-7(V) ni-9(V) ni-ll(V) 

ni- 8 (VI) ni-10(VI> ni-12(VI) 

In discussing site preferences, it is helpful to clarify cluster forming 
units by the numbers of skeletal electrons donated («-SED) units. When 
suitable transition element groups are present, containing elements that 
donate less skeletal electrons (< 2 SED) than do carbon (3 SED) or 
boron (2 SED) or are more electropositive than carbon or boron, 
then compounds derived from configurations incorporating 6 k vertices, 
derived from clo-9fi(III), -106(111), -1366(111), and -1466(111), are observed 
but this article involves carboranes, not metallacarboranes. Carbon and 
boron are three and two skeletal electron donors (3 SEDs and 2 
SEDs), respectively. 

In Fig. 14, below each of the carbon-boron preferred «!i/o-configura- 
tions, are the «Wo-configurations with smaller apertures as their molecular 
skeletons incorporate one more connection, see ni- 6 (IV), ni-7(IV), ni- 
8 (V), ni- 9 (IV), and probably nido-lO(V}. Such configurations are favored 
by the presence of heteroelements or groups that contribute more skeletal 
electrons than carbon (4 SEDs or greater) such as nitrogen, phosphorus, 
sulfur, and selenium (all may be 4 SEDs), but such species are also not 
carboranes. 

I explain the additional connection (69,70,80a) as follows (caveat emp- 
tor): (a) fewer electrons, i.e., greater electron deficiency, engenders more 
connections [e.g., B 2 H 6 (six electron pairs; nine connections) versus C 2 H 6 
(seven electron pairs; seven connections) versus N 2 H 6 (2 NH 3 ; eight elec¬ 
tron pairs; six connections) (80a)', and (b) four skeletal electron donors 
(4 SEDs), i.e., NH groups or bare sulfurs, are substantially more reluctant 
to contribute their four skeletal electrons for the same geometrical loca¬ 
tions than are 3 SEDs (carbons) to contribute their three electrons or the 
2 SEDs (borons) to contribute their two electrons. As a consequence 
(even when the numbers of skeletal electron pairs remain constant) the 
molecule is internally polarized, e.g., the 4 SEDs (the minority of the 
skeletal atoms) are less electron deficient while (c) the rest of the molecule 
(the boron majority, i.e., the 2 SEDs) becomes incrementally more elec¬ 
tron deficient and (d) the incrementally greater electron deficiency among 
the majority of the skeletal atoms usually causes one more skeletal connec¬ 
tion to be present and thus the open face becomes smaller; see (a) 
above (80b). 
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V 

POLYBORANE LEWIS BASE ADDUCTS 

Having related the polyboranes, carboranes, and carbocations to each 
other, it should be added that Lewis base adducts of both polyboranes and 
carboranes also adhere to the geometrical systematics of the polyborane, 
carborane, carbocation continuum {69JO). For ease of illustration only, 
consider the addition (hypothetically) of one positively charged proton to 
several locations within a contrived isotopically labeled anion derived 
from methylhexaborane, namely (49) (620)(see Fig. 18); a 

number of other Stx = 620 compounds are produced. 

It is seen in Fig. 18 that the proton could simply add to the anion 
(49) as a bridge hydrogen to form the parent, A7/Jo-methylhexaborane, 
^^CH 3 “B 6 H 9 (50) (620) {80c,81). Second, the proton could hypothetically 
insert itself into the nucleus of one of the ’’B atoms, which would change 
it to a '^C atom. The product in this case would be the known nido- 
^^CH 3 '^CB 5 H« (51) (620) {82), the methyl derivative of the monocarbon 
carborane structurally related to (28) (620) (see Fig. 10) {83). 

Third, the proton could notionally have been inserted into the of the 
methyl group of the anion producing an atom! This would hypotheti¬ 
cally produce a Lewis base adduct, nWo-H 3 ‘'^NB 6 H 8 (52) (620) (Fig. 18). 
All are nido'Stx = 620 species, and would be isoelectronic and should 
be isostructural except for bridge hydrogen locations. 


13CH312C11B5H8 



Fig. 18. Addition of protons and the simple “alchemicaT’ transmutation of the elements: 
(49), (50), (51), and ‘^NH 3 “B 6 H 8 (52). 
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VI 

ELECTRON COUNTING 

Skeletal electron counting (Fig. 12) is the essence of both Lipscomb's 
original styx cataloging of the skeletal electron bonds (from which our 
simplified Chop-S^jc formalism is derived, Fig. 13) as well as the empirical 
formula/geometrical systematics of 1971 {72,84), which has been expanded 
(55) to Fig. 14. Wade was first (77,86) to realize that by switching the 
focus from geometry plus empirical formula to geometry plus skeletal 
electron counting (see also Figs. 12 and 14) that clusters containing transi¬ 
tion elements and many other heteroatoms could also be encompassed 
within the same more general unified concept along with clusters involving 
boron and carbon. In fact, according to Wade, following the publication 
of our geometrical systematics (72), he originally compared our patterns 
with clusters in transition element chemistry to discern the differences. 
He discovered that the similarities vastly outnumbered the differences. 

Mingos (57), Stone (55), Rudolph (75), Gimarc and Ott (59), and King 
(90) have all made significant contributions to the theoretical understand¬ 
ing of the geometrical-electron counting systematics. As a result of these 
collective efforts the various boron-carbon skeletal cluster patterns have 
become the primeval touchstone molecules for all electron deficient cluster 
chemistry. Hoffmann (97) has added frontier orbital considerations to the 
comparisons between electron deficient isoelectronic and isostructural 
compounds from both organic and inorganic chemistries. He seems not 
to identify the polyboranes and carboranes as the missing links between 
electron deficient organic and electron deficient inorganic chemistries, 
although Hoffmann and Lipscomb (55) were instrumental in the elucida¬ 
tion of many polyborane structures. 


VII 

CARBORANE NOMENCLATURE 

The term carborane was casually coined by the late Carl David Good 
and the author during a period when we were aware of the four smallest 
c/o 50 -carboranes only (Fig. 1) and did not contemplate that larger species 
(Figs. 2 to 6) would be discovered. We assumed the small c7oA’o-carboranes 
(Fig. 1) should be named as symmetrical and unsymmetrical compounds 
much as l, 2 -Me 2 B 2 H 4 and l,l-Me 2 B 2 H 4 had previously been labeled as 
symmetrical and unsymmetrical dimethyl derivatives of diborane. 
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Initially, closo- 1, 5 -C 2 B 3 H 5 (1) was named symmetrical triboradimethyne 
indicating the presence of three identical BH groups and two identical 
CH groups (Fig. 1). The two isomers of C 2 B 4 H 4 , (2) and (3), were called 
symmetrical and unsymmetrical tetraboradimethynes and C 2 B 5 H 7 (4), pen- 
taboradimethyne. This terminology was used in the original patent (2a) 
issued on C 2 B 3 H 5 ( 1 ). 

The term dicarbapo/yboranes was adopted somewhat later but certainly 
before anyone realized that the isomers of C 2 B 4 H 6 could be isoelectronic 
and possibly isostructural with the dianion, which had been fore¬ 

cast theoretically, but not yet isolated. 

Gradually, over time, the syllable poly- was dropped and the name 
became <i/carbaboranes. The prefix di- was deleted when it was realized 
that related neutral species with up to four and six carbons (later termed 
nido- and arac/ino-carboranes) could be envisioned and the term, carba- 
boranes survived for a time. Eventually, the syllable ba was dropped 
(after someone mentioned it sounded like stuttering in the nursery rhyme 
“Ba Ba Black Sheep”), and the abbreviated generic term carborane was 
adopted for lack of a better alternative. lUPAC and the British Royal 
Society of Chemistry favor the term carbaborane, while the Russian litera¬ 
ture generally referred to the carboranes as barenes. 

Later, when c/oso-1, 2 -C 2 B,oH ,2 ( 6 ) (Fig. 2) was produced from acetylene 
and arachno-BioHi 2 (NCCH 3 ) 2 , the term carborane was strangely ascribed 
(apparently in confusion) to both boron compounds. Still later, the term 
carborane was preempted as the specific name of closo-\, 2 -C■fi^Q \{^2 ( 6 )> 
which is still frequently referred to as orthocarborane. 

VIII 

n/do-CARBORANES AND RELATED COMPOUNDS 

A. nido-6-Vertex Compounds 

The first w/do-carborane, C 2 B 4 Hg (32), and most other nido-6-verte\ 
species are related to n/do-hexaborane-10, BgHjo (Fig. 10). All of the 
“-cene” compounds such as nWo-ferrocene, are also isoelectronic and 
isostructural (Stx = 620) with w/do-B^Hio (28). As a comparison only 
(they are not carboranes) two ni- 6 (IV) compounds, incorporating four 
SEDs, are illustrated in Fig. 19. Compounds N 2 B 4 H 6 (53) and 
S 2 (CpCo) 2 B 2 H 2 (54) are isoelectronic with BgHio (28) but are not iso¬ 
structural. 

There are many other families of nido- and arachno-carboranes which 
are structurally related to their nido- and aracTj/jo-polyborane analogs. In 
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Fig. 19. Compounds for comparison with Fig. 10, N 2 B 4 Hj (53), and S 2 (CpCo) 2 B 2 H 2 (54). 

recent decades, a Czechoslovakian group, headed by Hermanek et al. 
(92) have been extremely prolific in the discovery of new nido- and 
arac/?«o-carboranes. 


B. nido-4-Vertex Compounds 

Recently, we (70,93,94) compared the speculative compound, nido- 
B 4 H 7 ]“ (600) with the known structure reported by Olah and co-workers 
for homocyclopropenium cation, nido-C^H^V (56), (411) (95,96) via the 
ab /«/r/o/lGLO/NMR method. The results indicate that nido-B^HiY (55) 
should also have the structure (411) illustrated in Fig. 20. These structures 
should be compared with Paetzold’s known structure (97) of ni£/o-NB 3 Hft 

(57) (222) as well as the structure we predict for Matteson’s nido-CB^W-j 

(58) (411) (95) and our preferred structure for Burg’s (99) possible nido- 
B 4 H 4 L 2 (59) (222). 

The nWo-deltahedral fragment for the known compounds nido-C^H^y 
(56) and niWo-NBjH* (57), ni-4(IV), is exactly that expected following the 
excision of one high connected 4k vertex from the c7o50-trigonal bipyramid 
thus extending the original pattern espoused in 1971 (72) and as illustrated 
in Fig. 14. In contrast, other electron deficient compounds involving other 
elements than B, C, or N, etc., have ni-4(III) tetrahedral structures derived 
by the removal of one undesirable 3k vertex from the clo-5(III) deltahedron 
(Fig. 14) rather than ni-4(IV) configurations. 

Perhaps two patterns collide in forecasting «(7)o-4-vertex structures, 
high connected 4k vertex removal versus undesirable 3k vertex removal. 
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Fig. 20. Compounds (55-61) related to the hypothetical nido-B^U^ (62). 

Projected structures for C3BH5 (60), € 2821 !^ (61), and B4Hg (62) are also 
illustrated in Fig. 20. 


C. nido-5-vertex Compounds 

The parent structures for the /uWo-species, I, 2 -Me 2 C 5 H 3 ]+ (48) (76) 
and l, 2 -Me 2 B 5 H 7 (45) (100) and the carborane, I, 2 -C 2 B 3 H 7 (47) (101) are 
illustrated in Fig. 15. All are related to the parent boron hydride, B 5 H 9 , 
as well as Fe 3 (CO) 9 [/u.’PMnCp(CO) 2]2 (102). 


D. nido-7-, -8- and -9-Vertex Compounds 

Figures 21. 22, and 23 are illustrated examples of seven-, eight-, 
and nine-vertex «jV/o-compounds. The only seven-vertex nWo-carborane 
known with certainty is Sneddon’s (103) diethyl derivative of C 2 B 5 H 8 ]” 
(63a) (411), which incorporates an endohydrogen instead of an anticipated 
(72) bridge hydrogen (Fig. 21). Hosmane’s (104) phosphorous derivative, 
RPC 2 B 4 Hft (63b) (630), should also fall into this category. 

Among the «jV/o-8-vertex compounds, the C 2 B 6 H,o isomers (64), (65), 
and (66) (105-109), the C 2 B 6 H 9 ]- isomers (67) and (68) (109,110), C 4 B 4 HS 




Fig. 21. Compounds (63a^ 63b) related to the hypothetical [w/rfo-ByH,,]. 
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(69) (y//,//2), BgHioL (L = Me 3 N) (70) (113J14). and B^H,. (71) (U5) 
have hexagonal (Vl-gonal) open faces, ni- 8 (VI) (Fig. 14). The bridge hydro¬ 
gens and carbons are associated with low coordinated vertices with the 
bridge hydrogens having priority (Fig. 22). When a sulfur (4 SED) is 
incorporated (115). the originally anticipated ni- 8 (V) configuration (72) 
is observed. 

rt/V/ 0 'C 2 B 7 Hii (74) (116) and nido CB 8 H 12 (73) resemble 
(72) (117) and have the structures anticipated (72) in Fig. 14; the bridge 
hydrogens and carbons are all associated with low coordinated vertices 
(Fig. 23). Predicted structures for unknown compounds C 3 B 6 H,() (75) and 
C 4 B 5 H 9 (76) are included. 


E. nido-10-Vertex Compounds 

In Fig. 24 are illustrated the parent w/V/o-decaborane, B 10 H 14 (77), and 
numerous structurally related carboranes, (78) to ( 86 ) (36J18JI9); all 



75 « C3B6H10 76 « C4B5H9 

Fig. 23. Compounds (72-76) related to the hypothetical 
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Fig. 24. Compounds (77-86) related to nido-BiQHi 4 


have ni-10{VI) configurations. In most cases, the bridging hydrogens are 
associated with the lowest coordinated vertices and the carbons are either 
found in the lowest coordinated sites or the carbons are separated with 
rare exceptions for special reasons, e.g., (85) [120) and (86) (121). Should 
NB 9 H||]“, or SB 9 H|o]“, or even more likely NB 9 H|oP~ or SB 9 H 9 ]^" be 
prepared, ni-10<V) structures are anticipated (69). 


F. nido-11- and-12-Vertex Compounds 

Figure 25 illustrates examples of n/r/o-11-vertex compounds. When 
there are too many “extra” hydrogens around the five membered open 
face of nWo-l 1-vertex compounds, one (or perhaps two) of the excess 
hydrogens become endohydrogens, rather than bridge hydrogens, i.e., 
B||H, 4 ]- (88) (122,123), C 2 B 9 H ,3 (93), and probably B„H ,5 (87) (122). All 
of the compounds (124) in Fig. 25 have ni-11{V) configurations even when 
nitrogen or phosphorous atoms (4 SED) are present as there is no nido- 
fragment with an IV-gonal open face. As there is no precedent for a 
triangle of carbons on the surface of any known carborane skeleton, we 
suggest the proposed structure (101) is more likely than (102). Structure 
101 may be considered an alkyl derivative of arachno-C.fi.,Vi.^^ (103). 

Figure 26 shows known and speculative mWo-12-vertex compounds. In 
the boxed area in Fig. 26 are illustrated Grimes’ isomers (54,125) and 
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Fig. 25. Compounds (87-103) related to tiWo-BnHis. 


tautomers of R 4 C 4 B 8 H 8 (104') and (105'). As the same dianion, nido- 
C 2 B,oH| 2 ]^“ (isoelectronic with Grimes’ compounds) is produced from 
both c 7 o 5 o- 1 , 2 -C 2 Bh,H |2 ( 6 ) and c/o 5 o-l, 7 -C 2 B|flH |2 (7) we assume the 
structures are quite similar, i.e. (104) and (105). 

The /j/Wo-12-vertex configuration, optimal for boron-carbon skeletons 
(ni-12(VI>; (104) and (104') in Fig. 26), may be generated in two steps 
from the [clo-1355(III>] deltahedron (Fig. 14). First, one five-connected 
{ 5 k} vertex must be removed, which simultaneously converts the two 
adjacent 6 k vertices in the parent do-1366(111) deltahedron to two 5k verti¬ 
ces in the ni-12(V> fragment. Subsequently, one additional highly coordi- 
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Fig. 26. Compounds (6, 7, 104-109) related to the hypothetical 


nated connection, about the open face, must also be removed to produce 
the preferred ni-12<VI) configuration characteristic of the n/t/o-structure 
for C 4 B 8 H ,2 (104) (Fig. 26). Alternatively, the central 6k vertex of the clo- 
13666<1II) deltahedron (Fig. 14) may be removed producing the ni-12(VI) 
configuration in one step, e.g., (104) in Fig. 26. 

Another configuration speciously results when one 6k vertex is removed 
from the do-13^6(111) deltahedron thereby producing a notional “ni- 
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12{VI*)” fragment (726), which would seemingly leave the other 6 k vertex 
intact. However, this is not to be , when the skeletal atoms are all carbon 
and boron. Upon protonation of (104) and (105) the stable (107) (727) and 
unstable (106) isomers of C 2 B 10 HJ 3 ] are produced. In the latter, one 
additional connection is also removed between the remaining 6 k boron 
and a 4k edge carbon, and this produces a 5k boron and a 3k carbon in 
(106). As a result there are adjacent Vl-gonal and IV-gonal open faces 
(ni-12(Vl + IV)) in this unstable configuration rather than the notional ni- 
12(VI*) configuration. It is our view that excising the electron precise alkyl 
carbon (HC = group) in (106) and replacing it with three endohydrogens 
suggests (106) should be more accurately portrayed as an alkyl derivative 
of (108) (ara-l I(VII); see Fig. 14), which in turn is probably related to 
the presumed (109) intermediate involved in the total 

boron exchange reaction between a 7 /Jo-B,qHi 3 ]“ (78) and (79) in Fig. 24 
and diborane, (110) in Fig. 27. 


G. niclo-2-Vertex Compounds 

Before leaving the w/V/o-compounds, the ''misfit polyborane/’ diborane, 
B 2 H 6 , should be addressed for completeness. Diborane is a nido-com- 
pound “in name only”; it has architectural features, i.e., BH 2 groups, 
that are usually associated with arachno-compounds rather than nido- 
compounds (Fig. 27). Diborane, B 2 H 6 (110), discussed in most textbooks 
as the smallest and simplest of the boron hydrides, is generally treated 
as the parent of all boron hydrides. This is probably an extrapolation from 
hydrocarbon chemistry where methane is the smallest and the simplest 
hydrocarbon and may, in a legitimate sense, be considered the parent of 
all hydrocarbons. 

Had three BH 3 groups trimerized into the unobserved arachno-B^W^ 
(through which the thermal decomposition of B^H^ is believed to proceed 
anyway) instead of two BH 3 groups dimerizing into nido-BMf,, there would 
be no misfit. In many respects diborane chemistry is a field unto itself and 
has less in common with polyborane chemistry than might be expected. 



Fig. 27. Diborane derivatives (25,110). 
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The nWo-carborane cation nj(io-C,C-Me 2 CBH 4 ]^ (25) was prepared and 
is shown in Fig. 27. It is isoelectronic and isostructural with diborane, 
B 2 H 5 , and is prepared from isopropyl cation, Me 2 CH]'^, and diborane 
{128). This cation incorporates two CHB bridge hydrogens and is stable 
only at low temperatures in the presence of superacids. Two other legiti¬ 
mate nWo-compounds incorporate endo hydrogens, for example, the sev¬ 
en-vertex derivative of C 2 B 5 H 8 ]" (63a) (Fig. 21) and the CH 2 group in 
C 3 B 7 H,, ( 86 ) (Fig. 24). 


Me H H 

\ / \ / 

(PrX + lB,Hs + SbF, ^ C B + SbFjX" 

/ \ / \ 

Me H H 

(25) 


IX 

arac/ino-CARBORANES AND RELATED COMPOUNDS 

In contrast with the /zWo-compounds, most (but not all) arac/z/zo-carbor- 
anes and arac)zno-polyboranes incorporate one or more endohydrogens 
in their structures. The larger arac)z«o-carboranes also differ from the 
more electron deficient «zV/o-compounds and the even more electron defi¬ 
cient c/o5o-compounds by having multiple space isomers per empirical 
formula. By this, we mean not only isomers of a given empirical formula, 
in which the carbon atoms simply occupy different vertices of a fixed 
deltahedron or deltahedral fragment (Fig. 1 to 6) but isomers of a given 
empirical formula that are based upon different deltahedral fragments 
altogether, and with differently sized open faces. 

For example, within the c/o 5 C>-compounds with boron-carbon skeletons 
(Fig. 1), each most spherical deltahedron is unique and when there are 
isomers, they differ only in the location of the exosubstituent groups or 
in the locations of the carbon atoms (e.g., 1 , 2 -C 2 B 4 H 6 (2) versus 1,6- 
C 2 B 4 H 6 (3) in Fig. 1) about the vertices of the most spherical deltahedra 
characteristic of the variously sized c/oso-compounds. These considera¬ 
tions also apply to the nzi/o-compounds with boron-carbon skeletons 
wherein the locations of carbons and exosubstituent groups may differ but 
there remains only one preferred /zzV/o-deltahedral fragment configuration 
(e.g., 2,3-C2B4H7]" (33) versus 2,4-C2B4H7]' (38) in Fig. 10), which applies 
to all similarly sized /zzV/o-polyboranes, -carboranes and -carbocations. 
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In contrast, within the arachno-compounds, there may be two optional 
skeletal deltahedral fragments for each size category. In other words, all 
sufficiently large arachno-componnds, from 6 to 12 vertices, have avail¬ 
able one deltahedral fragment structure with a Vl-gonal open face. In 
addition, however, deltahedral structures with Vll-gonal open faces are 
known (129) for arachno-9-\erXex compounds and possibly known for 
arachno-S- (130) and - 11 -vertex compounds. 


A. arachno-9-Vertex Compounds 

The first arachno-carhovane was discovered by Hawthorne (131). It was 
the arachno-9-veriGX carborane, C 2 B 7 H 13 (112) (552), and this molecule is 
compared with a number of isomeric and related carboranes and polybor- 
anes (ni-9(VI)) in Fig. 28. An isomer (113) was discovered by Stibr et aL 
(118). The bridge hydrogens tend to be found associated with neighboring 
low coordinated borons, and the carbons tend to be found in low coordi¬ 
nated sites as expected (72). 

Some of the most elegant ‘H and studies ever published (132) were 
carried out on arachno-CB^H^^ (115) and arachno-CB^Ui^]~ (116). Wall- 





Fig. 28. Compounds (111-118) related to arachno-B,)Hi^ 
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bridge et aL (132) proved unambiguously (based upon coupling constants) 
that the bridge-endohydrogen labeled, b, in fluxional (115), spent half the 
time as a bridge hydrogen and half the time as an endohydrogen. In the 
even more fluxional anion (116), the full-time bridge hydrogen, c, is cou¬ 
pled with one boron all the time and two other borons half time each, 
while the two bridge endohydrogens, d, are half-time endo- and half¬ 
time bridging hydrogens as illustrated. Note that there are always two 
endohydrogens (the 2 in 552) in the examples discussed. We would have 
anticipated several years ago that the isoelectronic NBgHi^ (133) would 
also have the 552 configuration, e.g., (117). Evidently the nitrogen, a 
4 SED, is so positively charged in such a situation that the potential 
endohydrogen (on nitrogen) in (117) leaves as a proton and migrates to 
an available BB bond, converting it into a BHB bridge hydrogen and the 
structure (118) is observed in the crystal. If a lone electron pair remains 
on the nitrogen (as we anticipate is the case) we should count the lone 
pair as an endogroup, and Chop-Stx would equal 741, but if the skeleton 
sorbed the electron pair created by the hypothetical departure of the 
hydrogen from the nitrogen then the Chop-Stx value would be 930. 


B. arachno-10-, -11-, and -12-Vertex Compounds 

At the larger end of the range are arachno-\0-, -11-, and -12-vertex- 
carboranes and polyboranes. Among the arachno-lO-weriox carboranes 
are C 2 BgH |4 (121) and the related anion, C 2 BgHi 3 ]" (120); both have the 
expected structures (72,92), see Fig. 29. 



B^Bchno-B^ 0H14l^‘ 




ara-10<VI> 



(562) 



Fig. 29. Compounds (119-123) related to the hypothetical [arachno-BiQHi^]. 
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Fig. 30. Compounds (124, 125) related to the hypothetical [arachno-Bi^Hij]. 

In Fig. 29 two other compounds incorporating four carbons are illus- 
trated on a smaller scale (92). In each case we would prefer to view 
them as alkyl derivatives of 6 , 7 , 9 -C 3 B 7 Hi 3 ( 122 ) and 6 , 7 , 8 -C 3 B 7 H ,3 ( 123 ) 
following replacement of the electron-precise CH 2 group with two endohy- 
drogens. The hydrocarbon scaffolding enforces unusual bridge and endo- 
hydrogen dispositions in ( 123 ), which would almost certainly tautomerize 
to resemble ( 122 ) were it free to do so. 

An alkylated derivative of an arachno^W-VQViQX compound, C 3 B 8 H 14 
[wherein a BH group is replaced by a CpCo group (134)], has the antici¬ 
pated ara-11{VI) structure illustrated in Fig. 30. In this case an electron 
precise CH group, in ( 124 ), is replaced with three endohydrogens to 
produce ( 125 ). The structure in Fig. 30 should be compared with structures 
( 108 ) and ( 109 ) in Fig. 26. An additional connection is missing; compare 
ara-11{VI) versus ara-11{VII) in Fig. 14. 

Although no 12-vertex arachno-sivucXurts have been reported, there is 
one 12-vertex pseudo nido-compound (ni-I2{IV+ IV)) with an isolated 
electron precise CC bond between the two IV-gonal open faces (54,125) 
that probably should be considered the prototype for the most probable 
arachno-\2-VQrXQX compounds [see ( 105 ) in Figs. 26 and 31. The antici¬ 
pated ara-12{VI) configuration, ( 126 ) in Fig. 31, would be produced by 
removing the isolated electron precise 2c-2e bond (as electron-precise 
scaffolding) and replacing it with two endohydrogens (70). This produces 
a Vl-gonal open face, ara-I2{VI). Such a structure coincides precisely 
with the structure that would be produced by the removal of a pair of 
adjacent 5k vertices (between the two 6 k vertices) from the most spherical 
14-vertex c7o.vo-deltahedron (Fig. 14). This procedure simultaneously 
changes the two overly connected ( 6 k) vertices of the original c/o^o-14- 
vertex deltahedron into acceptable 5k vertices (see Fig. 31). 

Having discussed the larger arachno-9-, -10-, -11-, and -12-vertex com¬ 
pounds, it is of interest to compare the less plentiful arachno<omponnds 
with fewer than 9 vertices. 
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arachno^CAB8H^2 

Fig. 31. Compounds (105, 126) related to the hypothetical [arac/mo-B^Hnj]. 


C. arachno-8-Vertex Compounds 

In Fig. 32 are displayed the arachno-carborane, C 2 B 6 H ,2 (128) (ISO) 
and the arachno-po]yborane, B 8 H 14 (127) (135). In accordance with the 
"B and 'H NMR spectra the more open ni- 8 (VII) structure has been 
proposed (130) for arachno-C-fi^Y{\i (128) while arac/ino-BgHi 4 (127) as¬ 
sumes the ni -8 (VI) configuration. With one less bridge or endohydrogen to 
tolerate the two related isomeric anions of arachno-C-^^xxV ^ structures 
(129) (136) and (130) (137) assume the more compact ara- 8 (VI) configu¬ 
ration. 



129 C 2 B 6 H 11 J- C 2 B 6 Hlir 130 

Fig. 32. Compounds (127-130) related to arachno-B^W^^. 
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D. arachno-7-, -6-, and -5-Vertex Compounds 

There are no arachno-7-, - 6 -, or -5-vertex carboranes known to date, 
nor are there any arachno-7-vertex polyboranes, however, the arachno- 
polyboranes, B^Hn, and B 5 H 1 ,, are known. Kodama’s arachno- 

B5H9L and arachno-B(,HioL would be isoelectronic with arachno-CB^Hio 
and arachno-CBiHff, respectively (138). 


E. arachno-4-Vertex Compounds 

In Fig. 33 are illustrated the polyborane and hydrocarbon analogs of 
arachno-B^HiQ (131) (139), arachno-BJiq]^ (132) (140), and arachno- 
€ 4117 ]^ (133) (61,63). None of these compounds are noted for their stabil¬ 
ity, all are fluxional, and to date, no arac/ino-4-vertex carboranes are 
known. On the other hand, allyl groups on boron are known to be fluxional, 
i.e., the two CHj groups of the allyl group become equivalent (Ml) on 
an NMR time scale. The intermediate or transition state, in this case 
would be a derivative of arachno-C^BHj (134) or the expected carborane 
intermediate isoelectronic and isostructural with both the arachno-borane 
anion B4H9]" (132) and the arachno-cation € 4117 ]^ (133). We suggest the 
organometallic intermediates in olefin metathesis and ROMP polymeriza¬ 
tion (142) also have arachno-4-verte\ configurations (70) (see (135) in 
Fig. 33). 






Fig. 33. Compounds (131-135) related to arachno-B^W^^. 
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F. arachno-3-Vertex Compounds 

In Fig. 34 are displayed the structures of B 3 H 8 ]" (136) (143), the alkyl 
anion (137), and the brachiation intermediate (24') (33,34) (see Fig. 9); 
the cation (26) and the intermediates (138) are presumed to be involved 
in H and C scrambling in isopropyl cation, to be compared with 2 -norbor- 
nyl cation [see (23) in Fig. 26]. Mixed boron-carbon compounds have 
been observed in derivatives of Shore’s CB 2 H 7 ]“ (137) (144,145) and 
Williams et. al3s (63) alkyl derivative of C 2 BH 8 ]'^ (26), which incorporate 
two BHC 3c-2e bridge hydrogens (61). A fluxional uncharged alternative 
structure (24) with one boron and two carbons (also containing a BHC 
3c-2e bridge hydrogen) was invoked by the author (34) and later confirmed 
by Rickborn and Wood (34) as the primary intermediate in the brachiation 
of boron along a chain of carbons, i.e., in H.C. Brown’s hydroboration 
rearrangement [see (24), Fig. 9]. An organometallic intermediate in 
Ziegler-Natta polymerization (139) probably has an arachno-3-\/cricx 
configuration also. 


G. arachno-2-Vertex Compounds 

One may also view Shore’s anion, (137) (144,145) in Fig. 34, from a 
different perspective by simply assuming that the CH 2 moiety is electron 



Fig. 34. Compounds (24', 26, 136-138) related to the hypothetical [arachno-B^H^]. 
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Fig. 35. Compounds (140-142) related to arachno-B^Ui] . 


precise external scaffolding and replacing the methylene group with two 
endohydrogens. In this fashion, one may notionally consider Shore’s 
CB^H 7 ]“ derivative to be a dialkyl derivative of arachno-B^Hj]^ (140) 
(144^146) in Fig. 35. 

Preparing a carborane analog of 82 ^ 17 ]“ (140), i.e., the hypothetical 
neutral arachno-CBHj (141), would be a difficult synthetic task. It is 
unlikely that an intermediate compound with a BHC-bridge hydrogen 
can be synthesized unless very seriously sterically constrained to offset 
the tendency to dissociate into two neutral portions composed of 
derivatives of CH 4 and BH 3 (see Fig. 35). Although the parent C 2 H 7 ]^ 
(142) is unknown, several sterically constrained peralkyl derivatives of 
(142) are known (147). 


X 

/lyp/io-CARBORANES AND RELATED COMPOUNDS 

Shore discovered the first hypho-compound, a polyborane anion (148). 
To our knowledge, no neutral /lyp/io-polyboranes have been discovered 
though many neutral hydrocarbons are known that are formally hypo- 
species (e.g., cyclobutane, etc.). hypho-BgHi^ and perhaps hypho-B^oH^^, 
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have been reported but we suspect that these are commo-compounds 
rather than parent /zjp/zo-polyboranes. 


A. hypho-S-Vertex Compounds 

hypho-B6Hj4 has been reported (149) to have been prepared in high 
yield, although it cannot be isolated. We suspect that the polymer (B3H7)„ 
was produced instead. Shore has prepared hypho-B^HiQL 2 but no related 
carboranes have been reported. The Czechs have reported {150) the ‘"hel¬ 
met” anion hypho-CiB^^li^y and pointed out that if the two electron 
precise CH2 groups were replaced with four endo hydrogens that hypho- 
B6H|3]“ would result. 


B. hypho-5-Vertex Compounds 

The anion B5Hi2]“ {151) and Shore’s di-Lewis base adduct, B5H9L2 
(752), are known and are presumed to be isoelectronic and partially iso- 
structural with Hart’s non-classical carbocation (75i), but no carboranes 
that are intermediate between these species have been observed. 


C. hypho-4-Vertex Compounds 

hypho-B 4 Hi 2 is not anticipated to be stable as both it and the related 
arachno-B^Hi) would disproportionate into the more stable a/W0-B2H6 ( 110 ) 
shown in Fig. 27. hypho‘B 4 ii^L 2 derivatives do exist {154) but, in the 
opinion of the writer, they might as well be considered to be derivatives 
of arachno-B^HjL by considering the pendant electron-precise BH2L 
group to be isoelectronic with an electron-precise CH3 group. No carbo- 
rane analogs are known. 


D, hypho-3-Vertex Compounds 

Trishomocyclopropenium cation, (22) (755) in Fig. 8, may be considered 
an alkylated derivative of C3H9]'^, which in turn could be considered 
isoelectronic and isostructural with the intermediate (756), di-Lewis base 
adduct of B3H7, hypho-B^]:ijL 2 , but no intermediate carborane analogs 
have been reported or are anticipated; however, the /zyp/zo-dianion, 
B3H9]^", might (757) someday be prepared under special conditions. We 
suggest that an organometallic intermediate in Ziegler-Natta polymeriza¬ 
tion would be related. 
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XI 

CONCLUSION 

In this article I have concentrated on molecules consisting of boron, 
carbon, and hydrogen, i.e., compounds belonging to the polyborane, car- 
borane, carbocation continuum. For further reading, Hermanek et aL, 
Sneddon et al., and Onak et al. have been the most prolific discoverers 
of new carboranes in recent decades and certain carboranes have an 
extensive and growing derivative chemistry. Shore et al. are the most 
prolific source of new polyboranes, Kodama and Parry et al. for polybor¬ 
ane Lewis base adducts, and Olah et al. for new carbocations. 

Entire fields neighbor the carborane, polyborane, carbocation contin¬ 
uum and lie beyond the scope of this manuscript; e.g., the metalla- and 
elementa- derivatives of polyboranes and carboranes have been exploited 
by Hawthorne et al, Stone et al., Greenwood et al., Hosmane et al., 
Grimes et al., and Siebert et al. Paetzold has rejuvenated the field of 
azaboranes. Halo and polyhalo derivatives have been studied by Davidson 
et al., Haubold et al., and Onak et al. Others including Gaines et al. and 
Fehlner et al. have elucidated mechanisms, etc.; many other investigators 
have been overlooked. I cannot imagine the next 40 years could be more 
exciting than the last 40, but perhaps we are sitting in the back row of 
the balcony and if we can move to center stage the best is yet to come. 

The first small c/o.?o-carboranes of Fig. 1 came to our attention much 
as one discovers mushrooms: absent the night before, surprisingly present 
in the morning. Without sufficient appreciation, we leisurely named them 
carboranes for the esoteric one-of-a-kind curiosities we thought them to 
be. Had we any perception, at the time, of the vast network of invisible 
“mycelia’’ that connected them not only to the many other types and 
kinds of carboranes (Figs, 2-35) but to the many neighboring fields as 
well, we surely would have taken naming them more seriously. 
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I 

INTRODUCTION 

The first fuiierenes were reported in 1985 (7). Since that time, over a 
thousand research articles that deal with fuiierenes, along with more than 
sixty reviews, have been published (2,3). However, most of these have 
been written from the perspective of the organic chemist, physical chemist 
(or physicist), or materials scientist. What about the inorganic/organome- 
tallic domain? 

The chemical modification of an all-carbon cluster via the addition of 
a metal or metalloid produces, of course, an organometallic derivative. 
The term “doping” is commonly encountered in this regard, but has been 
used to describe a wide variety of processes. The focus of this summary 
is on the synthesis, structures, and physical and chemical properties of 
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metal- and metalloid-containing derivatives of large carbon clusters. Rele¬ 
vant literature through November 1992 is reviewed. 

There are at least four different ways to incorporate a heteratom into 
a fullerene system: endohedrally (i.e., on the inside), externally (as for 
example by complexation to a metal), by intercalation into the interstices 
of a solid-state lattice, and by incorporation into the framework itself 
(either by cluster expansion or by replacement of one or more carbon 
atoms). Each of these has, to one extent or another, been accomplished 
in the laboratory, and all have been studied computationally as well. 

A symbolism first suggested by Smalley {4,5) is used here for certain 
doped species. The atoms making up the cluster framework are grouped 
within parentheses, with the atomic symbol(s) preceded by (a); atoms that 
lie inside the hollow fullerene cage are listed inside the parentheses and 
before the Hence, the formula (K@C 59 B) represents a hybrid, 60-atom 
cluster surrounding a potassium atom. K(@C 59 B) denotes the potassium 
salt of the C 59 B" anion. 


A. General Properties 

The ability to modify any chemical system is, of course, dependent on 
the attributes of that system, A summary of relevant properties for the 
best known fullerene, (buckminsterfullerene or “bucky ball”), is as 
follows. The cluster is a hollow sphere, with a diameter (defined as the 
distance between two carbon nuclei trans to one another) of about 7 .1 A, 
The surface consists of a fused network of 20 six-membered and 12 five- 
membered rings, and there are 120 covalent bonds (90 a and 30 n). The 
O' network involves ^-hybridized carbons and is somewhat strained 
because of the curvature of the surface; the three angles about any carbon 
sum to 348"", compared to the ideal value of 360° ( 6 ). There are two different 
carbon-carbon bond lengths, with the bonds fusing 2 six-membered rings 
(and thereby connecting two pentagons) being shorter than the 6-5 junc¬ 
tions. Reported experimental values include 1.401 and 1.458 A by electron 
diffraction (7), 1.355 and 1.467 A from X-ray analysis of a twinned crystal 
(8), and 1.391 and 1.455 A from neutron powder diffraction (9) (see Fig. 1 ). 

X-ray diffraction data have been somewhat difficult to obtain because 
of the crystals’ tendency to retain solvent; however, it is now known that 
under normal conditions of temperature and pressure, crystallizes into 
a face-centered cubic lattice (/O). At room temperature the molecules 
appear to be rapidly spinning (>10* rotations per second). The unit cell 
edge length is 14.17 A, which is consistent with the close packing of 
(pseudo)spherical molecules 10.02 A in diameter. The calculated van der 
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Fig. I. Bond distances in C^. as determined by neutron powder diffraction [see Ref. (9).] 

Waals diameter for the carbons of Qq is then 2.94 A, about 12 % smaller 
than the interplanar spacings (3.35 A) in graphite (7/). Evidence that 
the intermolecular interactions are of the van der Waals type includes 
isothermal compressibility data, which are comparable to the interlayer 
values for graphite (72). 

A first-order phase transition to the simple cubic lattice type occurs at 
about -18°C; this has been studied by both variable-temperature NMR 
(13) and DSC (10). Other useful thermal studies have been reported as 
well. It was established by calorimetry that the standard enthalpy of 
formation of Cjo is -t-545 kcal/mol (74). TGA data indicate thermal degrada¬ 
tion beginning at roughly 450‘’C in air and at about 700°C under an inert 
atmosphere, depending on the heating rate (75-77). 

The Cjo molecule is diamagnetic, with a HOMO of H„ symmetry (fivefold 
degeneracy). The LUMO is triply degenerate, with r,„ symmetry. The 
band gap in crystalline (fee lattice type) is estimated to be about 1.7 
eV (18,19). A partial MO diagram is shown in Fig. 2. 

Two noteworthy properties of C^o are its moderate ionization energies 
and high electron affinity. The first ionization energy is about 7.6 eV 
(20,21 )—quite comparable to transition metals such as nickel and silver, 
and considerably lower than for smaller organic molecules such as ethyl¬ 
ene (10.5 eV) and benzene (9.2 eV). Hence, behavior as a Lewis base is 
to be expected, and electron transfer to produce salts of the cation is 
not out of the question. 

The first electron affinity has been measured to be about 2.65 eV 
(19,22-26), greater than that of any element except for the halogens. The 
most comparable molecule appears to be BF 3 (also 2.65 eV). Among 
organic species, tetracyanoethylene (TCNE, 2.88 eV) makes a reasonably 
good comparison. The high £A| derives, of course, from the low-lying 
LUMOs. Gas-phase electron addition can be achieved to produce Cg (7 
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Fig. 2. Huckel energy levels of C^o. One orbital contributing to the LUMO level is 
pictured. [Reproduced with permission from Ref. (6),] 


(rt = 1 and 2) as stable, free anions (27). In solution, C^o behaves as an 
oxidizing agent and is easily reduced electrochemically (26,28-30). Most 
researchers have reported three reversible waves; five were observed (at 
-0.36, -0.83, -1.42, -2.01, and -2.60 V referenced to SCE) when 
benzonitrile was used as the solvent (30). 

Among the other fullerenes, the best studied is C 70 . That cluster is 
thought to be slightly less stable than C^o per mole of carbon. Its ellipsoidal 
geometry (D^^ point group. Fig. 3) was proposed in 1985 (57) and has been 
confirmed by electron diffraction (32), '^C NMR spectroscopy (33,34), an 
X-ray crystallographic study of a derivative (55), and by scanning tunnel¬ 
ing microscopy (56,57). Larger members of the fullerene family include 
C76> Cg4, C90, C94, and C|oo. up to at least C330 (38-40). Also known is 
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Fig. 3. The structure of C 70 . [Reproduced with permission from Ref, {120).] 


Cg 2 , although that species appears to be most common in the presence of 
one or more metals (see Section II) (41). 


B. Preparation and Separation of Fullerenes 

There are many known ways to produce fullerenes in the laboratory; 
they appear to form spontaneously whenever carbon condenses in an inert 
gas atmosphere (42). The first fullerenes to be recognized as such were 
synthesized by laser-induced vaporization from a rotating graphite disk 
(/). In 1990 it was shown that the resistive heating of graphite produces 
macroscopic quantities of C^o and C 70 {43), Since that time, several re¬ 
search groups have reported improvements in the general procedure. For 
example, Diederich and co-workers were able to separate the soot pro¬ 
duced in this manner into individual clusters that amounted to over 75% 
of the total soot mass (26), Scrivens et al. described a procedure for the 
collection of gram quantities in 1.5 hour {44). Parker et al. used plasma 
discharge to obtain 44% extractable fullerenes; about one-third of the 
extract consisted of large clusters having between 84 and 200 atoms {39). 
It is also possible to obtain laboratory-scale amounts by the controlled 
pyrolysis of benzene and other aromatic hydrocarbons {45,46). Advances 
in the synthetic methodology have been such that fullerene generation 
can now serve as a synthetic experiment in the undergraduate laboratory 
{47,48). A simple apparatus for this purpose is diagrammed in Fig. 4. 
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Fig. 4. A simple apparatus for the generation of fullerenes. [Reproduced with permission 
from Ref. (47).] 


Different methods give different product ratios, of course. For example, 
the electric discharge approach gives fullerene mixtures whose composi¬ 
tion depends on the size of the graphite rod, the intensity of the electrical 
current, and the pressure and nature of the carrier gas (28,49), A typical 
composition is roughly 70-85% C^o and 10-15% C 70 , with the remainder 
being larger clusters (44), It was recently reported that ion sputtering 
and electron beam evaporation of graphite preferentially produce C 70 and 
higher fullerenes, with only small amounts of C^o (50), 

Purification can be a difficult step, but a number of procedures for 
obtaining pure compounds from soots have been published. Regardless 
of how the soot is produced, it is customary to extract the fullerenes 
with boiling benzene or toluene; CS 2 is even more effective, but is more 
unpleasant and hazardous. Soxhlet or other continuous extraction is very 
important for good separation (39,5J,52). [An alternative method using 
ultrasound has also been suggested (5i).] The isolation of individual prod¬ 
ucts has been accomplished in various ways, including fractional sublima¬ 
tion (15,43,54) and various kinds of chromatography. A few examples are: 

(1) HPLC using a bonded phase Cjg column, with hexane as the mobile 
phase (53), Polystyrene gel (55) and a variety of other stationary phases 
(56-55) have been tried as well. 

(2) Column chromatography using alumina (26,33), silica gel (49), and 
powdered graphite (59). 

(3) Flash chromatography using a stationary phase of activated char¬ 
coal (44). 

(4) Charge-transfer complex chromatography (49,60), 
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II 

ENDOHEDRAL COMPLEXES 

It was noted above that the diameter of is approximately 7,1 A, 
Subtracting twice the van der Waals radius of carbon (roughly 1.7 A) 
suggests that the internal cavity is 3.7 A in diameter, which is easily large 
enough to permit the sequestration of at least one atom of any element. 
There are now many known examples of such species. None have been 
isolated as of this writing, but some progress has been made in this regard 
(see below). Nor have any crystallographic determinations of endohedral 
complexes been reported. Hence, the evidence that metals lie inside of 
rather than external to the cage is limited to observations of chemical 
reactivity, plus a variety of spectroscopic observations. Such data are 
sufficiently strong to have convinced most researchers of the existence 
of such species, although some questions remain (67). 


A. Synthesis and Mechanisms of Formation 

The first example of what Cioslowski has named endohedral complexes 
(62) was observed by Smalley’s group in 1985 (57). The laser vaporization 
of a graphite disk impregnated with LaCl 3 gave mass spectral evidence 
for several lanthanum-carbon species, including (La@C 6 o), 
and (La@C 82 ). Later, the milligram-scale synthesis and partial purification 
of (La@C 82 ) was accomplished. The procedure involved the reaction of 
10% La 203 /graphite at 1200°C, followed by sublimation onto a cool copper 
disk (4,5). The collected material contained both fullerenes and endohedral 
complexes; addition of hot toluene to the sublimate gave a solution con¬ 
taining (La@C 82 ), along with Qo, C 70 , and 

An alternate synthesis of (La@C 82 ) involves the arc vaporization of a 
composite graphite/La 203 rod mixed with a binder (65). The soot that is 
produced can be extracted with toluene, washed with Et 20 , and dried. 
The extract is reported to contain 2-4% (La@C 82 ) by mass, mixed with 
C^o and C70. 

A variety of yttrium-doped cations have been produced by direct laser 
vaporization of graphite/Y 203 /fullerene mixtures (64,65). One product 
obtained in this manner was (Y@C6o). Later, (Y@C 82 ) was produced by 
a similar process, using yttrium-carbon rods (66,67). Examples of other 
monometal endohedral complexes include (Sc@C^ 2 ) (65,69), several con¬ 
taining alkali metals (5,57,70), and a host of rare-earth species (77). 
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The contact arc vaporization of graphite/Fe(CO )5 mixtures under a 
helium atmosphere, followed by extraction and column chromatography 
of the soot produced, led to the observation of (Fe@C 6 o) (72). Various 
spectroscopic comparisons have been made between that compound and 
its exohedral isomer (see Section IILE, below). 

The larger fullerenes can enclose two or more metals. Examples include 
the (M 2 @C 8 o) family (M = La, Ce, Tb, etc.) (71,73,74). Evidence for 
the mixed-metal species (YLa@C8o) has also been obtained (74). The 
formulation (M 2 @Cg 2 ) (M = La, Y, Ce, and Tb) appears to yield special 
stability (66,67,73). Also known are some three-metal clusters, including 
(Sc 3 @C 82 ) (68,69), (La 3 @C,o 6 ) (75), and (La 3 @C,, 2 ) (75). It has been stated 
that scandium is incorporated more easily than lanthanum or yttrium (65). 

Data describing (U@C 28 ), the smallest endohedral complex yet known 
(75), have recently been published. A likely structure for C 28 has symme¬ 
try, with four six-membered rings in a tetrahedral orientation about the 
geometric center. It was proposed that (U@C 28 ) contains a sequestered 
metal covalently bonded at those four sites. 

There appear to be two mechanisms by which endohedral complexes 
are produced. One involves carbon aggregation leading to closure as the 
cage forms around the metal; this is presumably what occurs when graph¬ 
ite-impregnated mixtures undergo laser vaporization. This method ap¬ 
pears to work best for the more electropositive metals (76). However, 
there is also evidence that small atoms and molecules can become 
sequestered after the cluster has been formed. Such direct implanta¬ 
tion appears to occur when fullerene ion beams are accelerated and 
passed through a chamber containing helium at low pressures (77,78). 
Large collisional energies cause cage fragmentation; ionizing energies 
in the range of 35-40 eV appear to give the best results. That this ap¬ 
proach produces heteroatoms that are endohedrally located can be de¬ 
duced from the fragmentation patterns, which typically include hetero¬ 
atom-containing ions formed by the successive loss of C 2 units (see 
Scheme 1) (65,79,80). Similar approaches have yielded C^q adducts 
with D 2 , neon, and argon (81,82). Divalent and trivalent cations have 
also been studied (81-84). 


(M@C6o)" ^ (M@C58)" ^ (M@C56)^ (M@C54)" CtC. 

M(@C 6 o)’'^ —♦ C 58 —> —> etc. 

Scheme 1 . Generalized fragmentation patterns for endohedral and exohedral isomers 
of a monometal derivative of C 50 • 
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B, Evidence for Sequestration 

What data demonstrate the endohedral nature of these compounds? 
First, these species show very low chemical activity. Although lanthanum 
is a lithophilic element and La(III) is a hard Lewis acid, (La@C 82 ) appears 
to be unreactive toward O 2 , H 2 O, and NH 3 ; this strongly suggests seques¬ 
tration of the metal {4,5,70). In the same way, the stability of (Y@C«,) 
toward oxidation by N 2 O is noteworthy. Thus it is possible to prepare 
the exohedral isomer Y(@C 6 o) by gas-phase ion association and to demon¬ 
strate that the reaction 


Y(@C«,)* + NjO ^ C«, + YO+ + N 2 (1) 

is much more facile for that isomer than for the endohedral complex (64) 
(see Fig. 5). 

FT-ICR experiments show endohedral species to be remarkably stable 
toward photofragmentation. At high energies, (LafaiC^o)^ fragments in the 
same manner as Qo itself, undergoing successive cage contractions two 
carbons at a time without loss of the metal (4,85,86). For Qq the sequence 
ends at £^ 2 , while the smallest lanthanum-containing fragment observed 
was (La(a)C 44 )^ [or possibly (La@C 42 )'^] (5). The fragmentations of the 
molecular ions of (KfSC^,) and (CsfgCgo) again occur in two-carbon se¬ 
quences, down to (K@C 44 r and (Cs@C 48 )‘^ (70). Calculations and molecu¬ 
lar modeling studies suggest that the spheroidal 44- and 48-carbon cages 
arejust barely large enough to accommodate and Cs^ ions, respectively 
(4). This behavior is in contrast to that observed for exohedral complexes 
such as Fe(@C6o) (87-89), for which the primary mode of fragmentation 
involves loss of the metal to give (Scheme 1). 

The isomers Fe((S)C6o) and (Fefa'C^o) can be differentiated by EXAFS 
and Mossbauer spectroscopy (72). The EXAFS data for the endohedral 
compound show two relatively short Fe-C distances, at 2.06 and 2.34 A. 
The external adduct, as expected, shows only one bonding distance (2.03 
A). The ^’Fe Mossbauer spectrum of (Fe@C 5 o) consists of a single transi¬ 
tion, with an isomer shift of -0.083 mm/sec. This is consistent with zero- 
valent iron (72). 

Supporting evidence has also been obtained from ESR spectroscopy 
(63,66-69,90). As is shown in Fig. 6, the spectrum of (La@C 82 ) consists 
of eight lines of equal intensity, centered at g = 2.001. The chemical shift 
is close to that observed for fullerene radical anions (91-94). The eight¬ 
line pattern is attributable to coupling to the / = I *^’La nucleus, with a 
hyperfine coupling constant of 1.25 G. There are also weak satellites due 
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Fig. 5. The different behaviors of the endohedral and exohedral isomers of YC^ in the 
presence of N 2 O. Y{@C^y readily loses the metal (a), but (Y@C6o)^ does not (b). [Repro¬ 
duced with permission from Ref. (6^).] 
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Fig, 6. The ESR spectrum of (La@C 82 ). [Reproduced with permission from Ref. {90).\ 


to coupling. It was argued that these data support the ionic formulation 
(La^^^’CgO, with the unpaired electron density primarily residing in 
TT-type cage orbitals {90), The spectra of (¥@€ 52 ) (66,67) and (Sc@C 82 ) 
(68,69) lead to the same conclusion. 

Detailed ESR analyses of the extracts produced from the arc burning 
of graphite/Sc 203 composite rods have been reported (68,69). In one case, 
the spectrum obtained was that of a mixture; in addition to the (Sc@C 82 ) 
signal, a 22-line pattern consistent with a computer simulation for 
(Sc^(^Cg 2 ) was observed (65). The three scandiums are spectroscopically 
equivalent; this might arise either from dynamic averaging or geometric 
equivalence. By analogy with previously published spectral data for Scj 
(95), it was suggested that the metals form an equilateral triangle (69). 
Interestingly, the bimetallic complexes (Y 2 (^C^ 2 ) (Sc 2 @C^ 2 ) are ESR- 

silent (67-69). 


C. Molecular Orbital Calculations 

Several computational studies of endohedral fullerenes have been car¬ 
ried out. Many of them point in the same general direction: Species having 
low ionization energies tend to denote electron density to the cage, while 
those having higher ionization energies do not appear to engage in strong 
bonding interactions. 

Cioslowski used ab initio methods to examine the interactions of frame¬ 
work carbons with intercalated atoms, monatomic ions, and small mole¬ 
cules such as H 2 , N 2 , HE, and LiF (62,96). Orbital mixing between the 
sequestered species and the cluster MOs was found to be negligible; the 
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interactions were primarily of the induced dipole type. It was predicted 
that polar molecules are stabilized (for HF, by as much as 14.9 kcal/mol), 
and nonpolar molecules destabilized, by sequestration. The HOMO and 
LUMO orbitals are those of the cluster. 

Chang et al. considered the sequestration of a variety of species by 
using the Hartree-Fock ab initio method (97). Their results suggest a 
clear relationship between the degree of electron transfer and the ioniza¬ 
tion energy of the heteroatom; the formulation (M'^@C6o) is applicable 
for electropositive metals. For example, the calculated charges of the 
metals (by population analysis) were +1.10 for cesium, +0.99 for po¬ 
tassium, +0.79 for lanthanum, and +0.59 for calcium. Metals with high 
ionization potentials (Mn and U) and nonmetals (O and F) showed little 
interaction with the cage. 

The electronic structures of lanthanum complexes are of interest be¬ 
cause of the possible involvement of 6^, 5d, and/or 4/orbitals. It has been 
suggested (97) that the ground state of (LaC^C^o) results from the transfer 
of two electrons from La(65) to the cage LUMO This leaves lantha¬ 
num with one valence electron in the 5d orbital and assigns the metal a 
formal charge of 2+. (As noted above, a charge of +0.79 was obtained 
from population analysis.) A somewhat different conclusion was reached 
when (La@C6o) was studied within the local density approximation 
(98,99). It was predicted from Mulliken analysis that the metal of (La@C 5 o) 
bears a charge of +2.85, which may be more in accord with the ESR data 
(90). The LDA calculations indicated that the metal causes destabilization 
of the HOMO, but does not affect the LUMO level. The calculated ioniza¬ 
tion energy was 6.9 eV, compared to a calculated lE^ of 7.8 eV for Qo 
itself. [The experimental ionization energy of (La@C6o) is less than 6.4 
eV (100).] 

Endohedral complexes with exactly 82 framework carbon atoms appear 
to have special stability. This is in contrast to typical compound distribu¬ 
tions of “normal” fullerene mixtures, for which the four most abundant 
species have 60, 70, 84, and 76 carbons, respectively (38). It has been 
suggested that a delocalized electron count of 84 might correspond to a 
stable shell closing (5). An 82-carbon cluster would then require two 
additional electrons, which might be supplied by an encapsulated metal. 
The existence of the series of compounds (La„@C 84 _ 2 „) (n = 0-2) is then 
of significance if the lanthanums exist as La^^ ions (73). 

A slightly different interpretation comes from the determination that 
the Cgo anion has a large HOMO-LUMO band gap, comparable to that 
of C5() (71,101). Two trivalent metals could supply the “extra” electrons 
needed for the 6- charge. 
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III 

FULLERENES WITH METAL-CONTAINING EXTERNAL SUBSTITUENTS 

The activity of C(^ as a ligand might reasonably involve either localized 
or delocalized v bonds (i.e., the bonding might mimic that of either C 2 H 4 
or The evidence accumulated to date points to localized bonding. 

Consistent with the electron affinity data (see above), tetracyanoethylene 
has been suggested as a comparable case (702). 


A. Osmate Esters 

The first metal-containing fullerene derivative (and also the first fuller- 
ene to be structurally characterized) was reported by Hawkins and co¬ 
workers {35,60,103,104), They reacted with osmium tetraoxide in the 
presence of pyridine, utilizing the well-known tendency of OSO 4 to add 
across C=C double bonds to produce osmate esters: 


CfiO -h OSO4 -f- 


2C5H5N 



( 2 ) 


By varying the reacting ratios, considerable stoichiometric control is possi¬ 
ble for this system; 1 : 1 , 1 : 2 , and 1 :3 adducts have all been obtained, 
as well as a dimer: 



As can be seen in Fig. 7, the X-ray structure of a substituted pyridine 
derivative, (C 6 o)Os 04 ( 4 -r-BuC 5 H 4 N )2 demonstrated that the 


OsO. 
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Fig. 7. The structure of (C 6 o)Os 04 ( 4 -/-BuC 5 H 5 N) 2 . [Reproduced with permission from 
Ref. {105).] 

unit adds across a C=C bond at the junction of two hexagons (i5). (As 
the shorter of the two bond types, that site presumably has the greater 
concentration of tt electrons—see Fig. 1.) The soccer-ball structure is 
distorted, with the two bound carbons pulled outward. This was effectively 
demonstrated by a histogram of distances from the calculated cluster 
center (105). The bonds of the two oxygen-linked carbons are elongated, 
to about 1.53 A; this is compatible with ^p^-hybridization at those centers. 

It was predicted from bond localization energy calculations that addition 
across a 6,6-double bond should be a general reaction of fullerenes (106). 
This has been shown to be true for a variety of cases. Among nonmetal 
reactants, a well-known example is the interaction of C^o with molecular 
oxygen upon UV irradiation, producing the epoxide C^qO (107). Similarly, 
the gas-phase reaction of with ammonia is thought to produce an 
aziridine (108), and a bis(bromophenyl) derivative has been isolated and 
structurally characterized (109). A host of other carbon-based adducts 
have been prepared as well (109,110). 
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Several isomers of the bis- complex C 6 o[Os 04 (py) 2]2 were recently re¬ 
ported {111). Assuming that both additions are at 6,6-ring fusions, there 
are eight possible regioisomers. However, three involve substitution at 
proximate sites and so are not sterically viable. This leaves five, which 
is the number observed and separated by preparative scale HPLC. Two of 
the five were uniquely defined by NMR analysis of ‘^C-enriched samples. 
Molecular polarity appears to increase as the bond angle between the 
osmyl groups decreases. 


B. Plantinum Complexes 

The first example of direct €«> ligation to an external metal was provided 
by Fagan et al. {112). The reaction involved displacement of coordinated 
ethylene by Qo in toluene, with the crystalline product obtained in 85% 
yield: 


Cm + C 2 H 4 Pt(P<i .,)2 ^ (C«,)Pt(P<i ..,)2 + C 2 H 4 . (3) 

As was the case for the adducts described above, addition occurs at a 
6-6 bond of the fullerene. Platinum(O) was an excellent choice in this 
regard because of its propensity for tt backbonding. 

The structure of (Cfio)Pt(Pd) 3)2 is similar in many respects to those of 
other platinum-olefin complexes. For example, the metal-carbon dis¬ 
tances (2.106 and 2.116 A) are in accord with those in C 2 H 4 Pt(P<;) 3)2 and 
(TCNE)Pt(Pd) 3)2 {113,114). The bond angles are also similar and provide 
information about backbonding {115). 

A remarkable, multiple platinum adduct has also been described {116). 
The reaction of excess Pt(PEt 3)4 with Qo gives a hexaplatinum derivative: 

Cm + 6 PUPEt,,)4 - (CJ[PUPEtj)2]6 + 12PEt3. (4) 

The orange, air-sensitive product consists of a single isomer, as evidenced 
by its NMR spectra (singlet in the ^‘P spectrum; three resonances in 
2:2:1 intensity ratios for '^C). The X-ray analysis (Fig. 8) showed six 
interactions. The metals form an octahedral array, and the point group 
(ignoring the ethyl substituents) is . The limiting stoichiometry of 6: 1 
is rationalized in the following manner: Each Pt(PEt 3)2 group binds directly 
across one 6,6-junction and sterically blocks four others. Hence, 6 appro¬ 
priately positioned metal units either react at or protect all 30 such sites 
{116). Similar reactions are observed for the nickel and palladium ana¬ 
logs {102). 
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Fig, 8. The structure of the hexametal adduct (Cjo)[Pt(PEt 3 )j]j. The ethyl groups are 
not shown. [Reproduced with permission from Ref. (116).] 


C, Iridium Complexes 

A number of iridium-fullerene complexes have been reported, most of 
which are derived from Vaska’s compound, Ir(CO)Cl(P<^> 3 ) 2 . An early 
example was the adduct (C5o)Ir(CO)Cl(P03)2 U17), obtained in 45% yield 
from the reaction 


C«, + Ir(CO)CI{Pd. 3 )j — (C«,)Ir(CO)Cl(P<.j) 2 . (5) 

The structure of this adduct has been crystallographically determined, as 
has that of a derivative containing a less symmetric phosphine ligand 
(118). In these species, the local environment about the metal is quite 
similar to that in smaller adducts such as (C 2 H 4 )Ir(CO)Cl(P(^j) 2 . As was 
observed for the osmate ester, the two bound carbons are pulled away 
from the rest of the cluster, and the bond between them lengthened (to 
1.53 A). The Ir-C distances are about 2.19 A. The geometry about the 
metal is approximately octahedral, but with the C-lr-C angle compressed 
(to 41°) and the P-Ir-P angle widened (to 113°) from the 90° ideal. 
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TABLE I 

Carbonyl Stretching Frequencies for 
Vaska’s Compound and Selected Adducts" 


Compound 

i^co(cm“^) 

Ir(CO)(P(;. 3 ),Cl 

1965 

( 07 )Ir(C 0 (Pl<.,),CI 

2005 

(TCNE)Ir(C6)(P<<,,),Cl 

2057 

(C,F4)Ir(CO)(P(<.,)2Cl 

2052 

(C6o)Ir(CO)(P<i)3),Cl 

2014 

(C«,)[Ir(CO)(P<^,)jCl], 

2001 

(C 7 „)Ir(CO)(P<i, 3 ),Cl 

2002 


" Sources; Data taken from Refs. (117) and 
019-121). 


The vibrational frequency of the carbonyl group is of interest in such 
adducts; in general, w-acceptor ligands cause vqq to shift to higher energy 
upon complexation to Vaska’s compound (779). The carbonyl band is 
found at 1965 cm~‘ in Ir(CO)Cl(P< 7 ) 3)2 itself; values for several adducts 
are given in Table I. The measured frequency for (CgolIriCOCKPrTijlj is 
2014 cm"', very close to that for (O^lMCO) CKPc^i^lj. This correlates with 
the observation that, as for the dioxygen complex, the process described 
by Eq. (5) is readily reversed (777). 

Balch and co-workers have designed systems in which the phosphine 
ligand of Vaska’s complex is modified by an organic aromatic moiety. 
The resulting species can act as an effective host for fulierenes (i.e., a 
“molecular egg crate’’). An example is the ligand Cf,H 5 CH 20 Cf,H 4 CH 2 P </)2 
(bobP<l) 2 ) (118). The interaction of Ir(CO)Cl(bobP< 7 ) 2)2 with produced 
a crystalline aggregate which the two arms of each phosphine ligand reach 
out to cradle a fullerene unit of an adjacent molecule (see Fig. 9). 

Several other fullerene-iridium complexes have been reported, in¬ 
cluding the double adduct (C(,o){Ir(CO)Cl(PMe 2 < 7 )) 2}2 < which crystal¬ 
lizes into two conformational isomers (720). The adduct of Vaska’s com¬ 
pound with C 7 Q is also known. The structure of (C 7 o)Ir(CO)Cl(P< 7 ) 3)2 
has the same characteristics (including 17 ^ coordination across a 6 , 6 -ring 
bond) as that of its smaller relative (121). A solvated double adduct, 
(C 7 o){Ir(CO)Cl(P<l)Me 2 ) 2}2 • was synthesized in 60% yield. X-ray 

diffraction showed that the metals coordinate on opposite sides of the 
molecule (twofold symmetry) (122). 

Shapley and co-workers obtained the indenyl derivative 
(C«3)lr(CO)QH7 (123): 

Cm + (C*H,4 )Ir(7)'-C,H7)CO (CM)Ir(C,H 7 )CO + CjHh. (6 ) 
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A 




Fig. 9. The structure of tQj))Ir(CO)CI(bobP(^ 2 ^- [Reproduced with permission from 
Ref. (//5).l 

The product was identified by its 'H NMR and IR spectra. It exhibits a 
carbonyl stretch at 1998 cm"', compared to 1954 cm"' for the precursor. 
This is again consistent with metal-to-ligand backbonding into tt* cluster 
orbitals, since vqo known to be a reflection of the electron density at 
the metal center for such complexes (123). 

D. Ruthenium Complexes 

Reactions of fullerenes with ruthenium substrates are limited at present 
to a few examples. The mixing of with a molar excess of the salt 
[Cp*Ru(CH 3 CN) 3 ]^[ 03 SCF 3 ]" produced a red-brown solid; the proposed 
formulation is [(C«,){Cp*Ru(CH 3 CN) 2 } 3 ]’+[ 03 SCF 3 ] 3 - {102,112). The fact 
that only one acetonitrile ligand was lost per reactant cation contrasts 
with results for electron-rich systems {102,124) and is again indicative of 
the iT-accepting behavior of C^o. Shapley and Koefod have also described 
a ruthenium-Cjo complex {125). 

E. "Naked Metal" Complexes 

A large number of derivatives of C^o in which one or more framework 
carbons have single atoms or small groups as external substituents are now 
known. To date, this has primarily been the domain of organic chemists 
{109,110), but several exohedral metal complexes have been reported 
as well. 
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Freiser and co-workers used Fourier transform mass spectrometry to 
generate a variety of such complexes (57-59,726). Their general approach 
involves the formation of ions from pure metal targets by laser desorp¬ 
tion, followed by interaction with €50 in the vapor state. The “naked 
metal” complexes MCC^q) (M = Co, Ni, Cu, Rh, La, and VO) were 
obtained in this manner. The fragmentation behavior of those species is 
characterized by the facile loss of metal (see Scheme 1) (57,55). Evidence 
for the nickelocenium-like cation [Ni(C 6 o) 2 ]^ (the first fullerene “sand¬ 
wich” species) has also been obtained (726). 

For the case of iron, an indirect approach was necessary. Fe'^ was 
generated by laser desorption and reacted with pentane at 1 x 10“* Torr, 
producing Fe(C„H 2 „)^ ions (n = 2-5). Those cations then underwent a 
displacement reaction with C^o and €70 (55) (see Fig. 10): 

Fe(C„H2„)" C, ^ Fe(C,)" + C„H,„ (x = 60,70). (7) 

Fe(CO )5 has also been used as a source of iron (72,59). Freiser observed 
the displacement of a carbonyl group by C^o and concluded that the 
Fe^-Cjo dissociation energy is about 36.6 kcal/mol (55,59). The formation 
of higher carbonyl clusters occurred through a series of secondary interac¬ 
tions, for example, 

[(C«,)Fe(CO)J^ + Fe(CO)5 - [(QolFezfCO)*]" + CO (8) 

[(C«,)Fe(CO),]* + Fe(CO)5- [(C6o)Fe2(CO)6]" + 2CO (9) 

[(CM)Fe2(CO)fi]^ + Fe(CO)5- [(C«,)Fe,(CO)8]’ + 3CO. (10) 

The EXAFS and Mossbauer behavior of Fe(Cso) its endohedral 
isomer were described above (72). EXAFS has also been used as a struc¬ 
tural probe for Y(C 82 ) (67). It was determined that the metal has six 
to eight nearest-neighbor carbons at a distance of 2.35 A. Metal-metal 
interactions were also observed, at 4.05 ± 0.05 A. This is strong evidence 
that the complex is exohedral. Dimers such as C 82 Y-X-Y-C 82 (where X 
is a bridging carbon or oxygen atom) were suggested. 


IV 

INTERSTITIAL SUBSTITUTION AND SALT FORMATION 

Recall that the standard-state lattice of C^q is of the face-centered cubic 
type and therefore contains both octahedral and tetrahedral interstices. 
Various chemical agents have been incorporated into these interstices. 
Among other effects, such doping has a profound influence on the electrical 
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Fig. 10. Fourier transform mass spectra of two “naked metal” clusters. (A) Isolated 
FeCC^o)^ and Fe(C 7 o)^; (B) collision-induced dissociation of FeCC^o)^ at 76 eV, showing facile 
loss of the metal. [Reproduced with permission from Ref. (55).] 
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properties of bulk samples. Recall that the band gap between the HOMO 
and the triply degenerate LUMO is about 1.7 eV (18,19). Hence, at room 
temperature pure C^o acts as an electrical insulator. 

A. Intercalation of Alkali Metals 

The tetrahedral and octahedral interstices (two and one per formula unit, 
respectively) are of sufficient size to accommodate a variety of species. For 
example, numerous structural studies in which the C^o lattice acts as a 
host for solvent molecules such as cyclohexane (127,128), pentane (129), 
and other molecular species (130) have been reported. 

Also important in this regard is the fact that the LUMO level of is 
triply degenerate (r,„ symmetry). Electron-donating atoms such as alkali 
metals are small enough to easily fit into the lattice interstices and lead 
to the population of those orbitals. It was recognized early on that this 
has enormous potential in materials science. Fullerenes have ir orbitals 
radiating in all directions, making them excellent candidates for three- 
dimensional electronic conductors (131). 

It is now realized that the interaction of ^60 with active, monovalent 
metal atoms typically produces compounds having the stoichiometry 
MsCgo [i.e., M^(C^)], with the metals occupying all of the tetrahedral and 
octahedral holes. Photoelectron studies verify that the cage LUMO is 
then half-filled (132,133). Also accessible (via a change in the lattice type) 
is the MftCjo stoichiometry, in which the 7’i« level is completely filled. 
There is also evidence for a stable M 4 (C 5 o) phase, with a body-centered 
tetragonal lattice (134-136). 

1. Synthesis 

Several synthetic pathways have been established for the incorporation 
of electropositive metals into fullerene lattices. One method involves the 
passage of a metal vapor stream over solid (137,138). The interaction 
with potassium is described by the equation 

«K,„ + C«o^K;(CS)-). (11) 

Some other successful synthetic approaches are as follows: 

(1) A mixture of K(s) (in 90-fold excess) with C®, was refluxed in toluene 
under an inert atmosphere, resulting in the precipitation of K 3 (Cjo) 
(139). 

(2) M6 (Qo) compounds are readily prepared using excess metal reagent 
at high temperatures. The 3:1 salt can then be obtained by a conpro- 
portionation reaction at 400-450°C [Eq. (12)] (140)'. 
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M,(C6o) + C60^2M3(Qo). (12) 

(3) Preweighed, stoichiometric amounts of metal and C^o were reacted in 
sealed tubes under helium {141). 

(4) Solid-state electrochemistry was used to study several Li/C^o stoichio¬ 
metries. The process involved the incorporation of lithium atoms from 
a Li^s^electrode at 80°C {142). 

(5) Doping by direct ion implantation, using a silicon or quartz substrate, 
has been reported {143). 

2. Structural Studies 

Single-crystal X-ray diffraction and other techniques have established 
that, as expected, the metals in K 3 (C 6 o) occupy all the available interstices 
in the face-centered cubic lattice (see Fig. 11) (141 ^ 144). K 3 (C 6 o) represents 


^ 3^60 


>< 4^30 



fee 


bet 



*^ 6^60 



bee 

Fig. II. The solid-state structures of the potassium-doped fullerides K„(Cjo), n = 3,4, 
and 6. [Reproduced with permission from Ref. (6).] 





Organometallic Derivatives of Fullerenes 


79 


a favored stoichiometry, as demonstrated by the fact that samples having 
the formal composition Kj undergo phase separation to C^o + 
K,iCJ (1451 

The high-temperature reaction of C^o with excess potassium or cesium 
produces the M^CC^q) salt (6,146,147), In those compounds, the fulleride 
ions form a body-centered cubic array, with four metals forming a “cross” 
on each of the six faces (see Fig. 11). This amounts to surrounding each 
cluster anion with a cage of 24 metal cations (146). 

It is possible to follow alkali metal doping by Raman spectroscopy 
(137,148). It was found that the 1458 cm"‘ band of €50 moves to 1446 
cm"' for the tripotassium and 1429 cm"' for the hexapotassium salts. The 
vibrational frequencies for the (€ 50 )^" anion have been calculated (149). 


3. Electrical Conductivity 

As alkali metals begin to fill the fee lattice interstices, metal-to-cluster 
charge transfer occurs. Electrons enter the 7 r-antibonding orbitals and 
the electrical conductivity increases, reaching a maximum at the M 3 C 60 
stoichiometry. At room temperature the conductivity is still rather low 
[about 2 X 10^ ft • cm for K 3 (C 6 o) (138), compared to 7 x 10^ ft • cm for 
graphite and lO'^-lO^ ft * cm for metals such as lead and cesium]. However, 
the conductivity improves dramatically at low temperatures, and Ky(C(^^) 
becomes superconducting below 18 K (138). Rb 3 (C 6 o) has a critical temper¬ 
ature of 30 K (138,139,141,150), while Cs 2 Rb(C 6 o) gives T, = 33 K (151). 
A superconducting transition temperature of 45 K was reported for C^o 
co-doped with rubidium and thallium (752). 

If the stoichiometry is increased beyond 3:1, the conductivity is re¬ 
duced. The M 5 C 60 stoichiometry produces an insulator (137,140,146). De¬ 
tails of the electronic structure of crystalline K 5 (C 6 o) have been calcu¬ 
lated (755). 


B. Other Saits 

The alkali metal-doped fullerenes make the connection between intersti¬ 
tial doping and salt formation quite clear. Related species have been 
produced by mixing C^o with various electron donors. An early example 
involved the use of bulk electrolysis to obtain a double salt of the radical 
anion, (Ph 4 P'^) 2 (C^)(Cr). The product precipitated as microcrystals at 
a platinum electrode (93). Later, spectroscopic evidence for a chromi- 
um(III) salt, [Cr(tpp)]^(C 6 o)“ (tpp is the dianion of tetraphenylporphyrin) 
was obtained (97). In solution, the ESR and electrical conductivity data 
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were consistent with the ionic formulation. The equilibrium 

Cr"(tpp) + Cm [Cr'“(tpp)]"(CM)- (13) 

was found to be solvent dependent. The product was favored in THF, 
while addition of toluene caused the equilibrium to shift to the left. The 
data suggest that is a very weakly coordinating anionic ligand (9/). 

V 

SUBSTITUTION FOR FRAMEWORK CARBON 

There is considerable interest at present in the synthesis, structures, 
and properties of fullerene-based systems in which heteroatoms are part 
of the cluster framework. For a variety of reasons, such hybrid clusters 
are expected to be at least as interesting as the pure fullerenes themselves. 
Framework substitution would permit the controlled alteration of the elec¬ 
tronic properties of the molecule. For example, doping with an electron- 
rich atom such as nitrogen should reduce the electron affinity, producing 
a better nucleophile but a poorer electrophile; replacement of carbon by 
boron or some other metalloid should have the opposite effect. This is of 
major interest not only to synthetic chemists, but in materials science as 
well; Cfio is readily made semiconducting, and the potential control of 
solid-state electrical conductivity leads to a wealth of intriguing possibili¬ 
ties (76,154). 

Another impetus for studying hybrid clusters concerns their incorpora¬ 
tion into polymers. Some success has been achieved for itself. An 
example is the C^o-p-xylylene copolymer reported by Loy and Assink 
(155). The xylylene monomer was prepared by thermolysis of paracyclo- 
phane and then reacted with C^q, producing a brown precipitate. 
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The structure given above is supported by '^C NMR data. TGA shows that 
the polymer is cross-linked. Unfortunately, the materied is air sensitive. 

Polymer formation should be facilitated for framework-doped fuller¬ 
enes. For example, a trans disubstituted cluster such as (€ 58812 ) could 
readily be functionalized at the two silicon centers and the functionalized 
ends then joined together to produce a linear polymer. 
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There is good reason to believe that it will be experimentally simpler 
to derivatize hybrid clusters than to derivatize the all-carbon fullerenes. 
The high electron affinity of makes it readily ionized; this appears 
to complicate both the chemical separation and analysis of its reaction 
products. An example is the failure (to date) of attempts to isolate 
(La@C 5 o) and other endohedral complexes. Because of their molecular 
polarity, species such as (M@C 59 B) might be more amenable to separation 
by chromatography (5). 

A related experimental problem derives from the size and symmetry of 
C^o, which combine to create many sites of identical reactivity. There are 
two possible isomers for a singly substituted adduct such as C^qO or 
(C 6 o) 0 s 04 (py )2 (resulting from addition at 5,6- or 6,6- ring junctions). 
For a doubly substituted complex like (C 6 o)[Pt(PEt 3 ) 2 ] 2 , there are eight 
geometric isomers even when consideration is limited to 6,6- ring junc¬ 
tions. The possibilities increase geometrically for higher levels of substitu¬ 
tion. As a result, synthetic chemists must be extremely careful about 
their combining stoichiometries. Even for very simple stoichiometries, 
the differentiation and separation of isomers can become a formidable 
problem. Framework heteroclusters provide a possible solution. Compare, 
for example, the expected reactivity of a hybrid fullerene such as (C 5 gB 2 ) 
to that of C^o. Based on both chemical intuition and computational studies 
(see below), it should be possible to limit attack by some nucleophile to 
the boron centers; this would obviously limit the possibilities for isomerism 
and therefore simplify the separation and isolation of the product(s). 

A. Synthesis of Heteroc/usters 

Starting with a homoatomic fullerene, one can visualize two routes to 
framework-modified derivatives: by the addition of one or more heteroat¬ 
oms (i.e., cluster expansion) or by substitution of a heteroatom for carbon. 
The first experimental evidence for the latter was provided by Smalley’s 
group (756). The laser vaporization of a graphite rod that had been impreg¬ 
nated with boron nitride produced mass spectral evidence for clusters 
formulated as C^o-^B^, where n ranges from at least 1 to 6; the strongest 
ion signal corresponded to C 59 B'^. Seventy-atom hybrid clusters were 
also observed. In contrast to endohedral complexes, these clusters show 
relatively high reactivity at the heteroatom site. For example, the boron 
atoms can be titrated with ammonia to give C^o-^ B„ (NH 3 )„. For (C 5 gB 2 ) the 
titration data suggest that the borons are nonadjacent. Photofragmentation 
again produces ions formed by the loss of two-carbon units. For (C59B), 
this stepwise process terminates at CjiB^. (C 5 gB 2 ) behaves similarly, but 
preferentially loses boron after the cluster has shrunk to below 40 atoms. 
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Although such boron-carbon clusters have not yet been obtained in mac¬ 
roscopic amounts, there is evidence that conversion to endohedral deriva¬ 
tives such as (K@C 59 B) may facilitate their isolation (5). 

Since boron nitride was used as the heteroatom source, it might be 
expected that nitrogen-containing clusters would also be formed. How¬ 
ever, this was not the case (156). It was suggested that clusters such as 
(C59N) might interact with free nitrogen in the system to produce N 2 (4). 
However, the synthesis of nitrogen-doped heteroclusters from the contact- 
arc vaporization of graphite under N, or NH, atmospheres has been 
claimed (/57). Mass and photoelectron spectroscopic data for Q 9 N, 
Q 9 N 2 , C 70 N 2 , C 59 N(i, and C^o-nN,, (n = 1-4) were presented. More re¬ 
cently, the reaction of with gave evidence for the C 59 N^ cation, 
which rapidly eliminates CN (158): 

C«, + ^ C5 ,N" ^ Qh + CN. (14) 

Basic cluster expansion chemistry is beginning to appear. Isotopic label¬ 
ing studies of the gas-phase sequence 

C«, + C"^QWQ + C (15) 

gave evidence that the added carbon joins the framework, rather than 
being bonded externally (159). 

The framework expansion of C^o by the addition of organic moieties 
was suggested by Wudl’s group (160). They used diphenyldiazomethane 
to produce a series of compounds conforming to the formula C 6 o+/.(C 6 H 5 ) 2 „ 
(n = 1-6). Reaction times increased with increasing n (about I hr for the 
first addition and 8-10 days for complete substitution to ^ 66 ^^ 12 ). The 
regiochemistry is thought to parallel that observed for the platinum deriva¬ 
tives (116); the second addition occurs para to the first, and the hexasubsti- 
tuted product has octahedral symmetry. They reported calculations that 
suggest that the cluster expansion products are about 30 kcal/mol more 
stable than isomers that retain the 60-atom cage structure, with Ph 2 C 
groups as substituents (160). 

B. Computational Studies 

When one considers the formal replacement of one or more framework 
carbon atoms of C^o with heteroatoms, three questions quickly come 
to mind: 

(1) What heteroatoms are likely to produce stable clusters? 

(2) What heteroatoms are likely to produce the most interesting and chemi¬ 
cally useful molecules? 
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(3) How will the presence of heteroatoms affect the physical and chemical 
properties of 60-atom clusters? 

Given these considerations, it is not surprising that researchers have 
focused primarily on carbon’s three neighbors in the periodic table—bo¬ 
ron, nitrogen, and silicon. Early computational results suggest that, for 
each of these, substitution appears to be synthetically feasible and should 
result in stable products. 

The Car-Parrinello method (a variation of the LDA approach) was used 
to investigte the replacement of carbon by boron and nitrogen to give 
(C59X) (767). This type of substitution reduces the icosahedral symmetry 
all the way to the point group, removing all orbital degeneracies. The 
dipole moment of (C59B) was calculated to be about 1.4 D, oriented inward 
toward the center of the cage; the molecular dipole of C 59 N was larger 
(—2.2 D) and directed outward. Semiconducting behavior was predicted; 
the calculated band gaps were about 1.2 eV for (C59B) and 0,4 eV for 
(C59N). 

Another possibility is the replacement of two-carbon units by isoelec- 
tronic B-N fragments. A host of comparisons can be drawn for simpler 
systems: aminoboranes (R 2 NBR 2 ) have long been compared to alkenes 
(762); two polymorphs of boron nitride are isostructural with diamond 
and graphite (765); borazine is a structural and, in many ways, a chemical 
analog of benzene (764); etc. Hence, compounds having the general for¬ 
mula (C 6 o- 2 nB„N„) were of interest to us. Hiickel (765) and MNDO (766) 
computations were carried out on (C 58 BN) (three isomers), (C 12 B 24 N 24 ), 
and (B 30 N 30 ) (three isomers). In every case the total cohesive energy was 
found to be greater than that for Qq itself. For the (C 58 BN) system, the 
most stable isomer we examined features a B-N bond joining two hexa¬ 
gons, while the least stable case has separated boron and nitrogen atoms. 
Not surprisingly, it was found that there is a general tendency for a 
electron density to be transferred toward nitrogen (reflecting its high elec¬ 
tronegativity), and for tt electrons to move toward boron (because of its 
formally electron-deficient character). The calculated atomic charges are 
about -1-0.05 for boron and -0.14 for nitrogen (765). 

The (B 30 N 30 ) formulation would necessarily require a total of at least 
12 B-B -I- N-N bonds. (This is a result of the 12 five-membered rings 
included in the cluster framework.) Smalley suggested that the weakness 
of those bond types relative to C-=-=-=-=-C would destabilize the molecule 
(756). However, our computational results suggest that this effect is com¬ 
pensated for by the strong B-N interactions. (C 12 B 24 N 24 ) is of special 
interest in this regard, since a structure that avoids B-B and N-N linkages 
can be drawn. That isomer (pictured in Fig. 12) has 5^ symmetry. There 
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O = Nitrogen ^ = Boron 9 ° Carbon 

Fig. 12. The calculated structure of “CBN-ball” (C 12 B 24 N 24 ); only the top two-thirds of 
the molecule is shown. [Reproduced with permission from Ref. (765).] 


are six pairs of CB 2 N 2 pentagons, with each pair connected by a car¬ 
bon-carbon bond. The 20 hexagons subdivide into 12 C 2 B 2 N 2 and 8 B 3 N 3 
units, with every ring being isoelectronic with its all-carbon counterpart. 
There are two chemically different kinds of carbons—six nearer the equa¬ 
tor and six nearer the pole. There are 6 C-C, 12 B-C, 12 C-N, and 60 
B-N nearest-neighbor interactions (765,766). 

Systems in which framework carbons are replaced by silicon have also 
been studied (767,768). The large size and low electronegativity of silicon 
relative to carbon have predictable effects. In general, compounds belong¬ 
ing to the series (C^o-^Si^) show decreased stability (as measured by 
total cohesive energies) with increasing n. There is obvious structural 
distortion, with the silicon atoms protruding from the surface (see Fig. 
13). The calculated bond lengths are about 1.74 A for the Si-C bonds, 
intermediate between normal single and double bond distances (about 
1.88 and 1.69 A, respectively), and in close agreement with a previously 
published calculation for silabenzene (SiC 5 H 6 ) (769). For the ortho isomer 
of (C 58 Si 2 ), the silicon-silicon bond is calculated to be 2.25 A, which is 
again intermediate between typical single and double bond distances 
{170J71). 

The silicons acquire a partial positive charge in all cases; carbons adja¬ 
cent to silicon are negative, while /3 carbons are slightly positive—an 
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Fig. 13. The calculated structures of ortho- and me/a-isomers of (CjgSi,). [Reproduced 
with permission from Ref. (/65).] 


effect that is well known in organosilicon chemistry (172). A consequence 
of this bond polarity, of course, is the generation of molecular dipoles. 
The calculated dipole moments for ortho- and mefa- (i. e., separated by one 
carbon) isomers of (C 58 Si 2 ) are 1.1 and 1.7 D, respectively. The geometric 
distortions and dipole moments convey the image of “bucky balls with 
handles”; that is, readily accessed sites of high reactivity (toward nucleo¬ 
philes at the silicon centers and toward electrophiles at the adjacent car¬ 
bons). This suggests that such molecules, if and when they are synthesized, 
will be derivatized readily. The frarjs-isomer (silicons on opposite sides 
of the cluster) has a dipole moment of zero, and this should facilitate its 
chromatographic separation from the others. 

The synthesis of such hybrid clusters is, of course, a significant problem. 
One possible option mimics the approach of McKinnon, who showed that 
macroscopic amounts of C^, are produced by the controlled combustion 
of benzene [idealized Eq. (16)] (45,46). This suggests that the similar 
treatment of mixed with small amounts of appropriate silicon-con¬ 
taining compounds might produce silaballs. Two possible examples are 
silacyclopentadiene and silaacetylene: 

I0QH<,-C«, + 30H2 (16) 

CjHjSiHj + 9QHj-> C5,Si + 3 IH 2 (17) 

2HC^C—SiH, + 9QHs—CjgSi, + 3IH:. (18) 

The calculated reaction enthalpies (using the MNDO-based methodology) 
for all of these equations fall into the range of +731 to +753 kcal/mol, 
with the all-carbon reaction being the most endothermic of the three (167). 
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VI 

CONCLUSIONS 

Where do we go from here? Seemingly in all directions at once, based 
on the burgeoning literature entries. There would appear to be several 
areas of particular interest to inorganic and organometallic chemists. 

A great deal remains to be learned about the behavior of large clusters 
as ligands. It is already clear that and C 70 are potent tt acceptors. 
What about electron donation? Given that the HOMO levels of these 
clusters are about 1.5 eV less stable than for benzene, it seems reasonable 
that analogs of species such as CrlC^H^lj and CrlCjH^XCOIj should be 
preparable. (It is true that the six-membered rings of fullerenes are nonpla- 
nar, but it is also known that geometric distortions occur upon coordina¬ 
tion—see Section III.) A related question is whether metal-fullerene inter¬ 
actions are necessarily dihapto. How might species having rf‘*orr]^ linkages 
be synthesized? 

An approach that has not yet been exploited involves the prereduction 
of a fullerene to its di- or trivalent anion, followed by reaction with a 
metal [e.g., Eq. (19)]: 

MCI, + (Cm)’--» ??? (19) 

The nickelocenium-like cation [Ni(C 6 o) 2 ]^ (126) is an early example of 
a potentially important group of chemical species—those having two large 
clusters bound to the same metal center. The chemical and electronic 
properties of triple-decker complexes analogous to the [Ni^lCsHslj]^ cat¬ 
ion (173), of bridged binuclear complexes such as 



would also be of great interest. 
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Many fascinating and useful fullerene-based studies that lie at the inter¬ 
face of organometallic chemistry and materials science (nanotechnology) 
can be suggested. For example, studies of the growth of “buckytubes” 
on electrode tips may have major ramifications {174,175), especially if 
heteroatoms can be incorporated into the lattice structure (154). Efforts 
to design new, fullerene-based semi- and superconductors will surely con¬ 
tinue. In this regard, technology related to so-called “quantum dots” and 
“molecular switches” is expected to be important. 

Quantum dots are, in essence, zero-dimensional impurities in an other¬ 
wise pristine lattice. They show their most useful electronic properties 
when the dots are less than 10 A across (776), which makes and its 
derivatives (~7 A in diameter) plausible candidates, especially in view of 
their facile, reversible reduction to anions. 

A common approach to nanoscale charge transport (molecular switches) 
involves conducting polymers. The incorporation of fullerenes into such 
polymers is being studied both experimentally (177,178) and computation¬ 
ally (779). For example, evidence for photoinduced electron transfer from 
the excited state of a 7r-conjugated polymer to the Qq molecule has been 
obtained (178). It has been argued that charge separation of this type 
might provide a basis for molecular information storage units (180). 
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I 

INTRODUCTION 

The concept of steric size has its origin in the systematic development 
of organic chemistry in the mid 1850s. This arose out of the attempt to 
rationalize reactivity patterns in terms of chemical structure. The link 
between the two phenomena, structure and reactivity, was first recognized 
in 1872 when Hofmann noted the resistance of triarylamines to undergo 
alkylation and proposed that this was due to the “bulk” of the substrate 
(/). A few years later Sachse (2) and Mohr (i) questioned Baeyer’s (4) 
assumption that all cyclic structures were planar, invoking “bulk crowd¬ 
ing” as a rationalization for the distortion from planarity. After these 
initial studies, Kehrmann showed that o-substituted quinones were less 
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reactive than their unsubstituted analogs and ascribed the findings to a 
steric effect (5). In 1894, Meyer laid the foundation for the definition of 
a quantifiable steric effect by noting the presence of steric effects in 
esterification reactions (6). However, Wegscheider was the first to coin 
the phrase steric hindrance while looking at similar esterification reactions 
(7). The early recognition of the nature of the steric effect was reviewed 
by Anschutz in 1928 {8) and extensively elaborated in 1956 in the classic 
text ‘‘Steric Effects in Organic Chemistry'’ (9). A brief historical discus¬ 
sion of the early development of the steric effect was written by Mosher 
and Tidwell in 1990 {10). 

Interestingly, the quantification of steric effects in organometallic chem¬ 
istry took a completely different course from studies in organic chemistry. 
In 1970 Tolman quantified the steric effect in terms of cone angles {U). 
This method has become the standard for measuring all ligand sizes and 
the methodology as well as limited data sets of cone angles are listed in 
many inorganic chemistry textbooks (72). 

A variety of new procedures for evaluating steric size in both organic 
and inorganic chemistry has been reported in the intervening years and 
it is the aim of this review to report and evaluate both the older and newer 
methodologies. To our knowledge there has been no general review of 
the quantification of steric effects in chemistry since the Tolman review 
of 1977 (7i). Our survey of the literature has revealed that the quantifica¬ 
tion of steric size has evolved with time along quite different lines in the 
various branches of chemistry. Indeed, the formal link between organic 
and inorganic (organometallic) steric size measurements has been little 
discussed or appreciated {14-16). Only in recent studies of cone angles of 
organic fragments (e.g., rings, alkyl groups) and solid angle measurements 
(Section II,B) has a merging of approaches become apparent. 

In this review only the available literature concerning the quantification 
of steric effects has been covered in depth. No attempt has been made 
to separate the data derived from the fields of organic or inorganic chemis¬ 
try. In principle, there is no reason to differentiate between the size 
measurement of a ligand or an organic substituent. A distinction needs 
to be made, however, between the quantification and the assessment of 
a steric effect. The former term applies, exclusively, to the quantitative 
analysis of steric effects, whereas the latter refers to the qualitative detec¬ 
tion of such effects. 

It must be recognized at the outset that, although a steric size can be 
measured and quantified, the relationship between structure and reactivity 
is determined by both steric and electronic effects. The separation of 
steric and electronic effects is a nontrivial task and, where appropriate, 
the methods used to separate these effects are mentioned. This review, 
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however, does not concern itself with the measurement and assessment 
of electronic effects. 

In general four procedures can be identified to assess and/or quantify 
steric size: (i) direct physical measurement of steric size from a knowledge 
of atom sizes, bond lengths, and bond angles (for example using cone and 
solid angles), (ii) inference of relative sizes from some chemical property 
(for example the rate of hydrolysis of esters), (iii) molecular mechanics 
models (for example the use of van der Waals repulsion energy as a steric 
parameter), and (iv) the use of molecular volumes. 


II 

QUANTIFICATION OF STERIC SIZE USING PHYSICAL MEASUREMENTS 

A. Cone Angles 

No steric measure has been as widely used and accepted by inorganic 
chemists as the cone angle concept originally proposed by Tolman (IIJS). 
The cone angle concept is very elegant in its simplicity and usefulness. 
Cone angles were initially generated for a specific system and these data 
have provided a relative ordering of steric size that can be generalized to 
any atom or substituent. Specifically a phosphorus-containing ligand is 
placed 2.28 A from a metal and the linear angle, 0, between the vectors 
tangential to the outermost van der Waals radii of the atoms on the ligand 
is measured (Fig. 1). This provides a three-dimensional measure of steric 
size. The M-P value of 2.28 A was chosen as it is typical of a Ni-P bond 
distance and the original data were generated for the specific problem of 
steric size relating to Ni(CO) 3 L complexes. It is assumed that the relative 
ordering of ligands by size using this value will hold for all other M-P 
bond lengths and, consequently, that this arbitrary set of data can be used 
for all metals bound to phosphorus. The method is easy to apply to ligands 



Fig. I. Measurement of the Tolman cone angle, 0, for a PR 3 ligand. Redrawn from 
Tolman {13) with permission. 
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with few conformational degrees of freedom (e.g., PH3). However, when 
there are internal degrees of freedom (e.g., about the P-C and C-C bonds 
in PEt 3 ) the cone angle was originally measured with the ligand folded 
back into its minimum conformation. This is a significant assumption 
made in measuring linear angles. However, the assumption appears to 
correlate well with various experimental parameters associated with steric 
size. Thus, when Tolman was in doubt as to the steric size of a particular 
ligand (cone angle), he based his final calculation on the degree of substitu- 
tion, i.e., the position of the equilibrium, in the following reaction: 


Ni(CO )4 + 8,0L Ni(CO) 4 ^nL„ (sealed tube). 


For asymmetric ligands, PR 1 R 2 R 3 , the total cone angle is defined as the 
average of the sum of the semivertex angles for each PR, group (Fig. 2); 


9 


_ 2 'Y 

total 'i 2^ 'y ^ 


3,t12 


( 1 ) 


where 6, is the semivertex angle of PR, . The measurement of the PPh, 
cone angle was based entirely on the use of CPK models: two-thirds of 
the cone angle is assumed to come from the outermost van der Waals 
radius of two phenyl groups in maximum conformation (185°) and one in 
minimum conformation (65°). Applying this approach to the P(w-tolyl )3 a 
cone angle of 148° is obtained (77). This value is obtained, as for PPh,, 
by taking one maximum cone angle of 194.4° (meta-methyl protons), one 
maximum cone angle for PPh 3 {ortho-proton), and one minimum cone 
angle for PPh 3 (ipjo-carbon) (Fig. 3). 

The limitations of Tolman’s approach are well recognized: (i) cone 
angles may differ substantially with change in conformation of L, (ii) the 
cone angles are only accurate to within 2 °, (iii) there is uncertainty as 
to whether the conformation chosen is, indeed, the minimum without 
introducing steric strain, (iv) cylindrical symmetry of the ligand is assumed 
and so ligand meshing must be ignored, (v) van der Waals and covalent 



Fig. 2. Measurement of the average Tolman cone angle, e, for a ligand PR,R,Rj. The 
metal-P bond length is 2.28 A. Redrawn from Tolman {13) with permission. 
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Fig. 3. Measurement of the average Tolman cone angle, 0, for P(m-tol) 3 . The semivertex 
angle, is measured to the or/ho-hydrog&n atom; 62/2 is measured to the ipso-cdrbon 
atom (methyl groups and hydrogens deleted for clarity) and 0^12 measured to the me/a- 
methyl group. 


radii for CPK models were used (e.g., rvdw(H) = 1.00 A not 1.20 A), (vi) 
data are not affected by other ligands surrounding the metal, and (vii) a 
constant M-P bond length was chosen. 

Tolman also recognized that electronic and steric factors are inextrica¬ 
bly mixed. Thus, although a steric size can be measured absolutely, proper- 
ties associated with a steric size will be influenced by a mix of steric and 
electronic factors. He introduced the concept of a steric!electronic box, 
a multivariable statistical approach for taking into account both variables 
(steric/electronic). Thus, for the dissociation data for Ni(CO)4.^L^ com¬ 
plexes, the regression equation, in a multivariable regression, of the sur¬ 
face is 

z = aO + bv c\ (2) 

where 6 is the cone angle and p is the A, carbonyl stretching frequency 
in Ni(CO)3L, and a, b, and c are the regression coefficients. The percentage 
steric character, cr, is then given by 

o- = —^xioo. (3) 

a b 

For nonplanar surfaces the percentage steric character needs to be defined 
in terms of partial derivatives: 

Tolman also measured the sizes of a variety of other ligands commonly 
encountered in organometallic chemistry (C5H5, CO, CHj, and halogens) 
in precisely an analogous way to the phosphine data. 
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Yamamoto et al. were the first to extend Tolman’s work to the measure¬ 
ment of isonitrile cone and fan angles { 18 ). For isonitriles, which do not 
have cylindrical symmetry, Tolman’s cone angle is inappropriate so these 
authors used the planar width as a measure of the steric bulk of planar 
ligands (e.g., for 2,6-Me2C5H3NC, xyl-NC). The key assumptions in this 
approach are: (i) data are derived relative to Rh (M-C distance of 1.92 
A), and C=N ( 1.17 A) and N-C ( 1.46 A) bond lengths are based on X- 
ray crystallographic data, (ii) the M—C=NR bond is linear, and (iii) the 
ligand is in the maximum conformation. In addition the van der Waals 
radius of CHj was assumed to be 2.00 A and H 1.20 A. With these 
fan angles the authors were able to rationalize the equilibrium between 
[RhlCNRIjCl] and [RhlCNRlJCl complexes on the basis, exclusively, of 
steric effects. 

Maitlis, without reporting details, used the Tolman cone angle concept 
to measure the size of substituted cyclopentadienyl and arene cone angles 
( 79 ). Using these cone angle data he found that the stabilization of cyclo- 
pentadienyl-containing platinum group metal complexes could be rational¬ 
ized on steric grounds. Cone angles for (T)‘’-C5R5)Rh(I) and Rh(III) as well 
as (rj^-CfiRfelRhlO) and Rh(II), R = H, Me, were reported. Maitlis found 
that the degree of ring proton substitution by alkyl groups resulted in 
significantly more stable metal cyclopentadienyl complexes. Maitlis also 
recognized that, although steric effects dominate in the rationalization of 
this trend, they were not to be used exclusively, as the nature of the 
leaving group also influenced the results. 

Further measurements on the steric sizes of monosubstituted cyclopen¬ 
tadienyl ligands using the Tolman concept were performed by White et 
al. ( 15 ). Two methods were employed starting from (i) the metal as apex 
(0j) and (ii) the ring centroid as apex {62) (Fig. 4 ) and the cone angles of 
a wide range of commonly encountered C5H4R ligands were determined. 
The cone angles were generated using the software package, ALCHEMY 
(20), rather than molecular models, with the following assumptions: (i) 
the cone angle is defined as = 2 [( 4 / 5 )a + (l/ 5 )/ 3 ], a and /3 are the 
half cone angles for C5H5 and CjR,, respectively; (ii) an M-ring centroid 
distance of 1.73 A was chosen. This value corresponds to the Fe-ring 
centroid distances obtained for a range of [(T)^-C5H4R)Fe(CO)(L)I] com¬ 
plexes ( 27 ); (iii) the C5H4R ligand was considered to have equivalent C-C 
(ring centroid-Cring = 1.20 A) and C-M bond distances; (iv) the atom of 
the R group directly attached to the ring C atom was assumed to lie in 
the plane of the ring; (v) for symmetrical substituents (e.g., r-Bu), the 
maximum cone angle was measured (i.e., with the C-H bond of the CHj 
group perpendicular to the ring plane); (vi) for unsymmetrical substituents, 
an average cone angle was calculated using the maxima measured in (v); 
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Fig, 4 . Measurement of the average cone angle, Q, for a substituted cyclopentadienyl 
ring, (a) Indicates the measurement of 0 , (with the metal as apex of the cone). For an n 
substituted ring, C5Fl5„„R„, 


where a is the cone angle for C5H5 and /3 the cone angle for C5RS. (b) Indicates the measure¬ 
ment of ^2 with ring centroid as apex. 


and (vii) free rotation of the C5H4R is assumed, and a hollow, right circular 
cone is thus implied. 

The cone angle measured from the perspective of the cyclopentadienyl 
ring centroid, B-i, was accomplished by two different methods. The first 
used a procedure similar to that used to generate “ligand profiles” for 
PR 3 ligands (see Section II,B). The second involved defining a mean 
plane through the cyclopentadienyl ring carbons and calculating the angle 
between the vector tangential to the van der Waals radius of the outermost 
atom and its projection in the plane. 

Seligson and Trogler were the first to apply the Tolman concept to 
amine ligands and used the data to rationalize olefin insertion into Pd-N 
bonds (22). Tolman's original method was employed: a plexiglass arm 
cemented to a wooden block was constructed and angles measured with 
a large protractor (Fig. 5). A metal to nitrogen bond length of 2.20 A was 
chosen (average Pd-N bond length as determined from X-ray crystal 
structures). CPK models were used and the entire system was calibrated 
by reproducing Tolman's phosphine data to within 2° (the accuracy quoted 
by Tolman in his original work). These authors applied the new cone angle 
data to the results from crystallographic studies and found that steric 
effects were the major influence on both the Pd-N distance and the geo¬ 
metrical distortion of the molecule from an idealized square planar geome¬ 
try. A consideration of kinetic data obtained from the above reaction 
revealed a steric threshold (see Section V) of ca. 120°. A plot of log K 
(the binding constant) versus pX^ versus 6 yielded an of 0.91 for d 
values above the steric threshold. 
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Fig. 5. Cone angle measuring device. Redrawn from Seligson and Trogler (22) with per¬ 
mission. 

Recently Marques et aL reported linear angles of amines important to 
the chemistry of aquacobalimin (25). The cone angles were measured in 
minimum conformation using molecular mechanics with an arbitrary 
Co-N distance of 1.960 A. A correlation between cone angle and AH^ 
was observed. 

In 1987 Datta and Sharma proposed that a set of steric measurements for 
organic ligands generated from the Tolman cone angle approach correlated 
well with the Dubois steric parameter, E', for organic substituents (14). 
From six data points these authors found a linear relationship between 
Op (the phosphorus cone angle) and E'. In a later publication Datta and 
Majumdar (14) calculated a series of cone angles for an extended set of 
alkyl substituents. The major difference in approach to that of Tolman’s 
was that a mathematical (trigonometric) basis was used to assess the steric 
size. This mathematical methodology was first employed by Imyanitov in 
1985 (24), If a maximum conformation of the substituent was chosen, the 
required substituent was considered as built up from a series of fused 
triangles. By successive applications of the sine and cosine rules a total 
semivertex angle was calculated (Fig. 6). Datta and Majumdar did not 



Fig. 6. Calculation of a semivertex angle, 612, for an w-propyl group in maximum confor¬ 
mation by trigonometry. Successive applications of the sine and cosine rules to the three 
fused triangles allows for evaluation of a, /3, and y. 
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apply this procedure to the calculation of hollow cone angles for substitu¬ 
ents like CPh 3 for which this model would also be appropriate. A plot of 
d versus (the Taft steric parameter) gave an Rr of 0.903 and Q vs £*' an 
P} of 0.908. They were the first to report on the apparently anomalous 
steric trend detected for the halogens: F > I > Br > Cl. This trend is 
expected if the van der Waals radii and bond lengths do not change 
proportionally for the halogens. These authors also could not reproduce 
Tolman’s cone angle for PEt^ as they were considering maximal conforma¬ 
tions rather than the minimal used by Tolman. Datta also tested his data 
by plotting log {ktk^^ again 6 and obtained Fr = 0.886. 

There have been many attempts to modify the Tolman cone angle values 
by correlating the cone angles with chemical and physical properties. For 
example, Mosbo and co-workers (25) investigated the cis : trans ratio of 
products in W(CO) 4 LL' complexes to assess steric size. The ligands that 
were chosen all had similar electronic characteristics. A general decrease 
in cis : trans ratio with increasing size of L' was noticed which the authors 
believed was due to steric constraints. The correlation revealed two anom¬ 
alies, for L = PEt 3 and P(a?-Bu) 3 . The B value predicted from the equilib¬ 
rium data was 10° larger than the Tolman values. It was proposed that 
these differences arose from measurements being based on minimum con¬ 
formations (Tolman). Mosbo and co-workers used molecular mechanics 
to address the problem of conformation. For details see Section III (26). 

Recently Casey and Whiteker used molecular mechanics to design a 
diphosphine ligand with a bite angle of 120° (27). In Tolman’s approach 
the cone angle for each phosphorus atom (0) is defined as the sum of the 
angle between one M-P bond and the vector bisecting the P-M-P bite 
angle (/3) and the cone angle of the nonbridging substituents {I J J3) (Fig. 
7). To ensure diequatorial bonding in a trigonal bipyramidal arrangement 
a diphosphine with = 120° was required (/3 = 90° would result in a mix 
of axial and equatorial chelation). Using molecular mechanics (AMBER 
force field) to predict the bite angle, a good correlation was observed 



Fig. 7. Illustration of the difference between the bite angle /3 and the Tolman cone angle 
0 for a bidentate phosphine. Redrawn from Casey and Whiteker (27) with permission. 
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between predicted /3 and that measured directly in crystal structures 
(R^ = 0.85 over a 50® change in /3). This is one of the first recorded uses 
of molecular mechanics to predict steric effects. These principles were 
used and the complex [rrartj-l,2-bis((diphenylphosphino)methyl)cyclo- 
propane]irontricarbonyl was synthesized (25). X-ray crystal structure de¬ 
termination revealed a P-Fe-P bite angle of 152.0®. Recently Casey and 
co-workers have found a correlation between the natural bite angle of 
chelating diphosphines and regioselectivity in rhodium catalyzed hydrofor- 
mylation of 1-hexene (29). 

Some 10 years after the Tolman review, Stahl and Ernst reported a 
correction of some of the Tolman cone angles based on enthalpies of 
dissociation in bis(2,4-dimethylpentadienyl)titanium complexes (30). A 
plot of the enthalpy of dissociation against 8 revealed that the phosphites 
P(OMe )3 and P(OEt )3 as well as PEt, were all too small to fit the observed 
thermodynamic data. Thus, these authors proposed the values be in¬ 
creased (to 128® for P(OMe) 3 , 134° for P(OEt )3 and 137° for PEt 3 ). These 
corrected data were used by Bosolo and co-workers in a recent publication 
for the same reasons (31). 

The quantification of steric effects has also been applied to organometal- 
lic clusters. The first study was reported by Mingos (32) who applied the 
Tolman linear angle concept to cluster sizes with one modification: the 
apex of the cone was located at the origin of the cluster polyhedron 
instead of on the phosphorus atom associated with the ligand (Fig. 8). 
The approach was semiquantitative as the approximations inherent in the 
Tolman model were significant when attempting to predict absolute cluster 
conformations. Data for tetrahedral, octahedral, and icosahedral clusters 
were presented. The maximum number of ligands found in a particular 
geomertry, > was defined as the ideal polyhedral cone angle multiplied 



Fig. 8. Illustration of the cluster cone angle. Redrawn from Mingos (32) with permission. 
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by the number of metal atoms divided by the metal fragment cone angle. 
The ideal polyhedron cone angles are 109.5° (tetrahedral), 90.0° (octahe¬ 
dral), and 63.9° (icosahedral). When the number of ligands exceeds 
steric effects influence complex stability. Under these conditions the clus¬ 
ter may adopt spherical polyhedral geometries. These data were confirmed 
by an examination of crystal structures. For example (i 7 ^-C 5 H 5 )jM 6 com¬ 
plexes are sterically saturated (cluster cone angle 92° octahedral cone 
angle 90°), whereas (i 7 ‘’-C 5 H 5 ) 4 M 4 complexes are sterically unsaturated. 

Linear angles for selected phosphines, phosphites, amines, alkyls, isoni¬ 
triles, cyclopentadienyls, and clusters are given in Tables I-VIII. 


TABLE 1 

Steric Sizes for PR’ Ligands 


Ligand 

0IOU 

g/ofc 

n/sr" 


0 / 


PH, 

87 

91.2" 

1.26 

74 

0.100 


PHjPh 

101 

106.4" 

2.12 

97 

0.168 


PH,Me 


104.5" 

2.09 

96 

0.166 


PF, 

104 


2.12 

97 

0.169 


Me.PCH.CH.PMe. 

107 






PH,Et 


111.0" 

2.21 

99 

0.176 


PHjCo-MePh) 


113.3" 

2.40 

104 

0.191 


Et,PCH2CH,PEt2 

115 






PCyH, 

115 


2.98 

117 

0.234 

32 

PH2(/-Pr) 


115.7" 

2.51 

106 

0.200 


PHMe, 


117.9" 

2.82 

113 

0.224 


PH2(nBu) 


118.3" 

2.88 

114 

0.229 


PMej 

118 

136.9" 

3.35 

124 

0.267 

39 

PHMePh 


120.2" 

2.86 

114 

0.227 


Ph.PCH.PPh: 

121 






PMejPh 

122 

141.7" 

3.45 

126 

0.274 

44 



112- 

2.79- 






118^ 

3.06' 




PMejEt 

123 


3.76 

133 

0.299 

48 

PCI 3 

124 


2.51 

106 

0.199 


PMejCCF,) 

124 


3.92 

136 

0.312 


Ph.PCH.CHjPPh, 

125 






Ph2P(CH2)3PPh2 

127 






PEt2Me 

127 


4.04 

138 

0.322 

57 

PHPh, 

128 


2,75 

112 

0.219 

38 

PHEtPh 


129.9" 

2.93 

116 

0.233 


PBr, 

131 


2.66 

no 

0.212 


PPhCl, 


131**' 

2.77 

112 

0.221 


PMciCZ-Pr) 

132 


4.15 

140 

0.331 

57 

P(CH2CHCH2)3 


132^ 

4.29 

143 

0.341 



{continued) 
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TABLE I (continued) 


Ligand 

er 


n/sr‘ 

nr 

Cls‘ 

#7 (1 

Er 

PEt, 

132 

I66.4‘' 

4.31 

143 

0.344 

61 



W'' 

3.09- 






119- 

3.72' 






i3(y 





?{n-Prh 

132 


4.53 

148 

0.360 


P(«-Bu)3 

132 


4.53 

148 

0.360 

64 

nCH.CH.CN)! 


132^ 

4.69 

151 

0.373 


PPh.Me 

136 

117- 

3.34 

124 

0.266 

57 



126' 

2.99- 







3.44' 




PPhEt, 

136 


3.96 

137 

0.316 

57 

PPh(«-BuL 

136 


4.85 

154 

0.386 

77 

PHiEt). 


137.3‘^ 

3.24 

122 

0.258 


P(CF3)3 

137 


4.64 

150 

0.369 


PPh.Cl 

138 

137-*^ 

2.99 

117 

0.238 

48 

PMe2(^Bu) 

139 


4.32 

144 

0.344 

66 

PPhnEt 

140 


4.12 

140 

0.328 

66 

PPh;(n-Bu) 

140 


4.13 

140 

0.329 

66 

PEt:(/-Pr) 

141 


4.64 

150 

0.369 

75 

Cy:PCH;CH,PCy, 

142 






PCy.H 

143 


4.49 

147 

0.358 

66 

P(/-Bu)3 

143 


5.91 

173 

0.470 

83 

PPh.i/Bu) 

144 


4.54 

148 

0.361 

71 

P(p-ClPh)3 

145 


3.58 

129 

0.285 

74 

P(p-FPh)3 

145 


3.59 

129 

0.286 

74 

P(p-MePh)3 

145 


3.60 

129 

0.286 

74 

PPh, 

145 

120' 

3.60 

129 

0.286 

75 



123- 

3.31- 






134^ 

3.82-/' 




P(/7-OMePh)3 

145 


3.60 

129 

0.286 

76 

P(m-FPh)3 

145 


3.78 

133 

0.301 


P(m-ClPh) 

145 

165^ 

3.91 

136 

0.311 

78 

P(/M-/-BuPh )3 

145 


5.12 

159 

0.407 

83 

P(/-Pr)2Me 

146 


4.72 

151 

0.375 

78 

PH(FPr)2 


147.5^' 

3.93 

136 

0.312 


P(m-MePh)3 

148' 

165^’ 

4.16 

140 

0.331 

79 

PEt2(r-Bu) 

149 


5.00 

156 

0.398 

90 

PPh2(/-Pr) 

150 

15L" 

4.07 

139 

0.324 

75 

P(/-Pr)2Et 

151 


5.00 

156 

0.398 

91 

PiNMe.Jj 

152 


5.40 

164 

0.430 


PPh2Bz 

152 


4.06 

139 

0.323 

74 

PPh2Cy 

153 


4.65 

150 

0.371 

77 

PPh2(/-Bu) 

157 


4.60 

149 

0.366 

97 

PPh2(QFs) 

158 


3.93 

136 

0.312 



(continued) 
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TABLE I (continued) 


Ligand 

or' 

0/°'’ 

n/sr*' 

ar 


F 

P(/-Pr), 

160 

135- 

5.34 

163 

0.425 

109 



\n^ 

3.89- 

4.02' 




P(,v-Bu), 

160 


5.83 

172 

0.464 


P(r-Bu)-,Me 

I6I 


5.-33 

163 

0.424 

113 

PPhCy. 

162 


5.51 

166 

0.439 

105 

P(/-BuKEt 

165 


5.25 

161 

0.418 

125 

PBz, 

165 


5.38 

163 

0.428 

82 

P(i-Pr),(/-Bu) 

167 


5.71 

170 

0.454 

123 

PPh(/-Bu). 

170 

147- 

5.61 

168 

0.447 

124 



155/ 

4.50- 

4.94' 




PCy, 

170 

163- 

6.33 

181 

0.504 

116 



181* 

4.02- 






138- 

4.6 C 






149* 





PPh.Xo-OMePh) 


t7l‘' 

3.63 

130 

0.289 


PCr-BuM/'-Pr) 

175 


6.18 

178 

0.492 

127 

P(neopentyl);, 

-180 


5.91 

173 

0.470 


P(r-Bu)3 

182 

176- 

6.37 

182 

0.507 

154 



189* 






184 


4.87 

154 

0.388 


Plo-MePhb 

194 


4.22 

142 

0.336 

113 

P(menthyl) 2 (/-Pr) 

209/ 

176.5' 

7.12 

6.09/ 

195 

0.566 


P(mesilyl )3 

212 

203- 

6.01 

175 

0.479 



208' 






" Tolman, C. A. Cliem. Rev. 1977, 77, 313. 

Modifications to the Tolman cone angle. 

‘ White, D.; Wade, P. W.; Coville, N. J. /norg. Chem., in preparation. The solid angle, 
0, is measured in steradians. The measure in degrees refers to a right circular cone with 
that solid angle. Hs is 0/47r and gives the fraction of a sphere occupied. 

^ Brown, T. L. Inor}^. Chem. 1992, 31, 1286; Er is measured in kcal mol“‘. 

** de Santo, J. T.; Mosbo, J. A.; Storhoff, B.-N.; Bock, P. L.: Bloss, R. E. Inor}^. Chem. 
1980, 19, 3086. 

^ Immirzi, A.; Musco, A. Inorg. Chim. Acta 1977, 25, L41; based on crystal structure 
data for a wide variety of metals. 

^ Rahman, M. M.; Liu, H. Y.; Prock, A.; Giering, W. P. Organometallks 1987, 6, 650. 

Stahl, L.; Ernst, R. D. J. Am. Chem. Soc. 1987, 109, 5673. 

' Mullica, D. F.; Gipson, S. L.; Sappenfield, E. L.: Lin, C. C,; Leschnitzer, D. H. Inorg. 
Chim. Acta 1990, 177, 89, based on Mo systems. 

■' White, D.; Carlton, L.; Coville, N. }. J. Organomet. Chem. 1992, 440, 15. 

* Ferguson, G.; Roberts, P. J.; Alyea, E. C.; Khan, M. Inorg. Chem. 1978, 17, 2965; 
mesuremenls based on Hg, Pt, Ni and Ir systems. 

' Alyea, E. C.; Ferguson, G.; Somogyvani, A. Inorg. Chem. 1982,2/, 1369; measurement 
based on Ag system. 
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TABLE II 


Steric Sizes for P(0R)3, P(0R)2A, P(0R)A2 Ligands 


Ligand 

er^ 

n/sr'’ 

nr'’ 

fts* 

£r‘' 

P(OCH 2 ) 3 CMe 

101 

1.55 

82 

0.124 

25 

P(OMe)2Et 

106 

3.30 

123 

0,262 

69 

P(OMe )3 

107 

2.83 

113 

0.225 

52 


128“' 





P(OEt)3 

109 

3.01 

117 

0.239 

59 

134'' 





P(0CH2CH2CI), 

110 

3.18 

121 

0.253 


P(0-m-Bu)3 

110 

4.46 

146 

0,355 

64 

P(OMe) 2 Ph 

115 

2.95 

116 

0.235 

69 

P(OEt) 2 Ph 

116 

3.43 

126 

0,273 


P(OPh)Me 2 

121 

3.49 

127 

0.278 

57 

P(O-p-MePh), 

128 

3.15 

120 

0.251 


P(OPh)3 

128 

3.85 

135 

0.307 

65 

P( 0 -/-Pr )3 

130 

4.01 

138 

0.319 

74 

P(OMe)Ph 2 

132 

3.39 

125 

0.270 

62 

P(OEt)Ph 2 

133 

3.18 

121 

0.253 

62 

P( 0 -o-Me>h )3 

141 

4.49 

147 

0.357 


P( 0 -/-Pr) 2 ( 0 -r-Bu) 

144 

4.52 

147 

0.359 

78 

P( 0 -o-/-PrPh )3 

148 

5.26 

161 

0.418 


P(0-o-PhPh)3 

152 

5.42 

164 

0.431 


P( 0 -/-Pr)( 0 -r-Bu )2 

158 

4.69 

151 

0.373 

90 

P(0-/-Bu)3 

172 

5.10 

158 

0.406 

99 

P( 0 -t?-/-BuPh )3 

175 

5.43 

164 

0.432 


Tolman, C. A. Chem. Rev. 1977, 77, 313. 

^ White, D.; Wade, P. W.; Coville, N. J. Inorg. Chem., in preparation. See 
Table I footnote c. 

^ Brown, T. L. Inorg. Chem. 1992, 31, 1286; Er is measured in kcal mol"'. 

^ Stahl, L.; Ernst, R. D. J. Am. Chem. Soc. 1987, W9, 5673. 


TABLE III 

Steric Sizes for Amines 

Ligand 

er 

n/sr^ 

nr* 

fls* 

NH 2 (/-Bu) 

106 

3.34 

124 

0.266 

NPh, 

166 

4.09 

139 

0.325 

Imidazole 

82.9“' 

1.65^ 

84.7" 

0.131" 

Histamine 

83.5“' 

1,99" 

93.6" 

0.158" 

NH 3 

94 

1.74 

87 

0.138 

NHjOH 

45.2*' 

1 . 88 " 

91" 

0.149" 

NH.OMe 


1.97" 

93.4" 

0.157" 

4-Mepyridine 

91.9-' 

1.61" 

84.0" 

0.128" 

Pyridine 

91.9" 

1.61" 

84.0" 

0.128" 




33 


10 


{continued) 




TABLE 111 (continued) 


Ligand 

0 /°" 

n/sr* 

n/°'’ 



NH.Me 

106 

2.44 

105 

0.194 

30 



2,90^ 

115' 

0.231" 


NH.Et 

106 

2.61 

109 

0.208 

31 

NH.Ph 

111 

2.66 

110 

0.212 


NH3(;y-Bu) 

113 

2.74 

Ill 

0.218 

43 

NHjl/j-Pr) 

106 

2.75 

112 

0.219 

31 



3.10^ 

119" 

0.247'' 


NH^CH^CO.Me 

68.3'' 

3.10** 

U9" 

0.247" 


NH^lCHil^OH 


3.15^' 

120 " 

0.251" 


NH.CH.CH.OH 


2.92^^ 

115" 

0.232" 


NHn(/-Pr) 

106 

2.95 

116 

0.235 

41 

NHMe. 

119 

2.96 

116 

0.236 

64 

NH.CHaCHCOHlCH.OH 


3.12" 

120 " 

0.248" 


NHalz-Bu) 

123 

3.11 

119 

0.247 

53 

NHEtMe 

119 

3.17 

121 

0.252 

62 

NHalneopentyl) 

106 

3.31 

123 

0.263 

35 

NMe^ 

132 

3.31 

124 

0.263 

93 

NHMePh 

126 

3.34 

124 

0.265 


NHPh. 

136 

3.47 

127 

0.276 


NH.Cy 

115 

3.47 

127 

0.276 

41 

NHPh, 

136 

3.47 

127 

0.276 


NMe^Et 

132 

3.51 

128 

0.279 

81 

NHEL 

125 

3.52 

128 

0.280 

73 

NHEt'Ph 

126 

3.56 

129 

0.284 


NMeaPh 


3.58 

129 

0.285 


Quinuclidine 

132 

3.58 

129 

0.285 

104 

NH(/i-Pr)2 

127 

4.00 

137 

0.319 

81 

NHaCadamanlyl) 

127 

4.05 

138 

0.322 

53 

Piperidine 

121 

4.09 

139 

0.326 

61 

NEt.Me 

132 

4.14 

140 

0.329 


NMeEta 

145 

4.14 

140 

0.329 

93 

NEl 

150 

4.21 

142 

0.335 

109 

NH(/-Pr )2 

137 

4.35 

144 

0.346 

105 

NELPh 

170 

4.36 

144 

0.347 


NH(/-Bu)2 

138 

4.40 

145 

0.350 

85 

NHCv-Bu). 

158 

4.45 

146 

0.354 

88 

NHBz, 

140 

4.47 

146 

0.356 


N(Ai-Pr)3 

160 

5.22 

161 

0.416 

112 

N(/-Pr)3 

220 

5.25 

161 

0.418 

179 

NHCy. 

-133 

5.39 

164 

0.429 

113 

NBzi 

210 

5.90 

173 

0.469 


NCy3 


7.09 

195 

0.564 



" Seligson, A. L.:Trogler, W. C. 7. Am, Chern. Soc. 1991, //7. 2520, unless otherwise men¬ 
tioned. 

^ White, D.: Wade, P. W.; CoviJle, N. J. Chem., in preparation. 

•' Choi, M,-G.; Brown, T. L. Inorg. Chem. 1993, 32, 1548. 

‘^Marques, H. M.; Bradley, J. C.; Campbell, L. A. J. Chem. Soc., Dalton Trans. 
1992, 2019. 

Measured with M-N distance of 1.98 A based on cobalamine system. 
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TABLE IV 

Steric Sizes of Alkyl and Aryl Groups 


Substituent 

-Es" 

P 'b 

Ls 

n/sc 

nvsc 




^^S.COOH^ 


H 

-1.24 

-1.12 

0 ° 






84 

F 


-0.57 

19.5“ 






90 

CHbCCOHIH- 


-0.08 








HOCH.- 


-0.03 



0.232 





CN 

-0.73 








95 

Me 

0.0 

0.0 

0.800 

0.800 

0.206 

0.206 

0.211 

0.211 

112 




29.2° 







Cl 


0.02 

28.7° 






92 

cycl0“C4H7 

0.06 

0.03 








MeCH.- 

0.07 

0.08 







123 

Et 

0.07 

0.08 

1.638 

1.324 

0.256 

0.256 

0.259 

0.259 


I 

0.16 








91 

CICH.- 

0.24 

0.18 

1.866 

1.357 

0.239 




128 

MeOCH.^ 

0.19 




0.240 





FCH.- 

0.24 

0.20 

1.533 

1.225 

0.228 




119 

Br 


0.22 

33.8° 






91 

BrCH.- 

0.27 

0.24 

1.992 

1.407 

0.242 




130 

ICH.- 

0.37 

0.30 

2.149 

1.458 

0.245 




133 



0.31 








/-BuCH.CH.- 


0.31 








n-Pr 

0.36 

0.31 

2.017 

1.702 

0.269 

0.273 

0.274 

0.274 

143 

n-Bu 

0.39 

0.31 

2.447 

1.848 

0.269 

0.272 

0.276 

0.275 

143 


0.40 

0.31 



0.270 

0.272 

0.278 

0.275 

143 

PhOCH.- 

0.33 

0.32 








/-PrCH.CH.- 

0.35 

0.32 








F.CH- 

0.67 

0.32 

2.262 

1.646 

0.248 




127 

Ph(CH2)4 


0.33 







143 

/-BuCH.CH.- 

0.34 

0.33 










2-furylCH:- 


0.34 


cyclo-QHnCH.CH.- 


0.34 


Ph(CH .)3 

0.45 

0.34 


CH3(CH.)„C(0H). 


0.35 


n > 1 




PhCH.CH,- 

0.38 

0.35 


cyclo-QH,i(CH :)3 


0.36 


PhCH.- 

0.38 

0.39 


F(CH.):CH 2 - 

0.40 



cyclo-CsH^ 

0.51 

0.41 




0.43 


m > 2 




PhCH.MeCH- 


0.44 


«-CeHi3 

0.44 



EtMeCH- 


0.449 

2.855 

/-Pr 

0.47 

0.48 


CI(CH.).CH- 

0.48 



1 


0.50 

40.9° 

MeClCH- 

0.50 



CH3CCH:),C0 


0.52 


Cl.CH- 

1.54 

0.58 

2.928 

cyclo-QH,, 

0.79 

0.69 


B-furylCH.- 


0.74 


MeCOCH^- 

0.75 



Me.(CN)C- 

0.76 



Br.CH- 

1.86 

0.76 

3.186 

MeOCH.CH.- 

0.77 



F 3 C- 

1.16 

0.78 

2,991 


58.4° 


143 


143 



0.271 

0.271 

0.280 

0.279 

143 

2.226 

0.304 

0.304 

0,306 

0.305 

135 






143 






139 

1.910 

0.275 




144 



0.267 

147 

2.017 

0.280 

148 


0.267 


2.067 

0.268 

135 


NCCH:- 0.89 

CNCH.- 0.94^ 0.89 

1 , 14 ‘^ 


0.274 


124 


{continued) 



Substituent 


-Es** -Es^ 


cyclo-QHnCH,- 

0.98 

0.89 

CNCH 2 CH 2 - 

0.90 


CICH 2 CH 2 - 

0.90 


PhMeCH- 

1.19 

0.90 

cyclo-C 7 Hi 3 

1.10 

0.92 

ICH 2 - 


0.93 

/-PrCH 2 - 


0.93 

l 2 CH- 


0.93 

MeBrCH- 

0.93 


/-Bu 

0.93 

0.93 

^-BuCH.- 


0.97 

5-Bu 

1.13 

1.00 

w-PrMeCH- 


1.02 

ICH 2 CH 2 - 

1.02 


fz-BuMeCH- 


1.06 

cyclo-CjHs 


1.09 

FluorenylCl 


1.13 

BrCH.CH.- 

1.27 


PhEtCH- 

1.50 

1.32 

AnthracenylCH 


1.35 

MelCH- 

1.36 


CH 3 (CH 2 )„C(OMe)H 


1.39 

r-Bu 

1.54 

1.43 

Ph.CH- 

1.76 

1.50 

r-BuCH,- 

1.74 

1.63 

CI 3 C- 

2.06 

1.75 

BrMe.C- 


1.77 

Me 3 Si- 


1.79 


IV (continued) 


n/sr^ ftVsr^' ns.Me*^ ^S.COOH^ ^^S,COOH^ 


146 

0.257 139 


154 

2.396 2.082 

3,498 2,117 

141 

0.298 0.295 0.305 0.303 

0.326 0.325 0.334 0.333 154 

154 

145 

154 


142 


144 

3.317 2.374 0.352 0.352 0.354 0.354 146 

61.8" 

2.774 2.460 0.331 0.331 0.338 0.338 

3.996 2.469 0.318 160 

68 . 6 " 

3.670 2.476 

56.8" 


153 



FluorenylCMe 


1.81 








/-BuCH^MeCH- 

1.83 

1.81 








NHJCH,CH,- 

1.82 








142 

Br,MeC- 


1.92 

4.023 

2.576 





160 

/-PrMeCH- 


1.94 

3.234 

2,606 






PhC=C^ 


1.97 








«-PrEtCH- 


2.00 







174 

Et 2 CH 

1.98 

2.00 

3.234 

2.606 

0.356 

0.355 

0.373 

0.368 

174 

«-BuEtCH 


2.03 







174 

^^-Pr 2 CH- 

2.11 

2.03 



0.361 

0.360 

0.384 

0,377 

174 

CHr=CH- 


2.07 








FluorenylCEt 


2.07 








«-Bu.CH- 


2.08 







174 

Br,C- 

2.43 

2.24 

4.376 

2.626 

0.323 




167 




72.3° 







EtMe.C- 


2.28 

3.694 

2.751 

0.378 

0.378 

0.387 

0.387 



2.30 








124 

Ph 


2.31 








2 -fury 1 


2.33 








/-Bu^CH- 

2.47 

2.38 



0.382 

0.378 

0.399 

0.403 


/-BuCH^Me^C- 

2.57 

2.48 








I 3 C- 


2.62 

4.847 

2.771 





175 



76.8° 







2 -furyl 


2.63 








o-tolyl 


2,82 








^>-ElPh 


2.97 








<^-PhPh 


3.01 








o-PrPh 


3.04 








(/-BuCH.l.CH- 

3.18 

3.06 








/-BuMeCH- 

3.33 

3.21 

3.613 

2.985 

0.383 

0.383 

0.391 

0.391 


FluorenylCPh 


3.23 








/-PrEtCH- 


3.23 

3.613 

2.985 

0.386 

0.389 

0.401 

0.402 


FluorenylC(/-Pr) 


3.46 









{continued) 
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TABLE IV (continued) 


Substituent 

-Es" 

-Ei'’ 

n/sr^ 

fl7sr'’ 



f^S.COOH^^ 

^^S.COOH^ 


/-PrMe-.C- 


3.54 

4.074 

3.131 

0.404 

0.404 

0.410 

0.408 


Et,MeC- 


3.63 

4.074 

3.131 

0.402 

0.405 

0,414 

0.412 

186 

PhjMeC- 

3.55 

3.73 







201 

FluorenyIC(/-Bu) 


4.32 








Ph.EtC- 

4.34 

4.55 







221 

Ph^C- 

4.68 

4.91 







228 

/-Pr.CH- 


5.01 

3.992 

3.363 

0.418 

0.419 

0.431 

0.431 


/-BuEtCH- 


5.21 

3.992 

3.363 






/-PrEtMeC- 


5.21 

4.451 

3.509 






Et^C- 


5.29 

4.451 

3.509 

0.429 

0.429 

0.437 

0.437 

205 

r-BuMe.C- 


5.40 

4.451 

3.509 

0.434 

0.434 

0.440 

0.440 


hPrEuC- 


6.20 

4.830 

3.888 

0.459 

0.460 

0.463 

0.464 


/-Bu-/-PrCH- 


6.53 

4.371 

3.742 

0.453 

0.454 

0.459 

0.460 


/-Bu-i-PrEtC- 


6.62 

5.587 

4.645 






/-Pr3C- 


6.73 

5.587 

4.645 

0.522 

0.522 

0.515 

0.515 


/-Bu.CH- 


6.97 

4.749 

4.121 

0.473 

0.473 

0.483 

0.483 


/-BuEt,C- 


7.21 

5.208 

4.266 

0.491 

0.491 

0.492 

0.494 


/-Pr2MeC- 


7.38 

4.830 

3.888 






/■-PriEtC- 

7.38 

5.208 

4.266 







r-Bu-/-PrMeC- 

7.56 

5.208 

4.266 








‘"Taft, R. W. In “Steric Effects in Organic Chemistry'’; Newman, M. S., Ed.; Wiley: New York, 1956; 
p. 556. 

* MacPhee, J. A.; Panaye, A.; Dubois, J.-E. Tetrahedron 1978, 34, 3553. 

‘ Chauvin, R.; Kagan, H. B. Chirality 1991, i, 242; solid angles measured in steradians unless indicated. 
Komatsuzaki, T.; Sakakibara, K.; Hirota, M. Chem. Lett. 1990, 1913; Akai, I.; Sakakibara, K.; Hirota, 
M. Chem, Lett. 1992, 1317; Komatsuzaki, T.; Akai, I.; Sakakibara, K.: Hirota, M. Tetrahedron 1992, 48, 
1539; measured using steric energy. 

^ As for footnote d but measured using free energy. 

^Datta, D.; Majumdar, D. J. Phys. Org, Chem. 1991, 4, 611. 


TABLE V 

Solid Angles of C5H5_„R/ 


Substituent 



ft,./*" 

Substituent 

«i/°* 


n 

CH=CH2 

151 

39 


Me, n = 2 



157 

Ph 

133 

71 


NHMe 



150 

H 

128 

55 

131 

i-Pr 

150 

107 

156 


148, 150^ 




135^ 




116^ 



NMej 

154 

131 

158 

F 



133 

SiMcs 

158 

138 

161 

OMe 

155 

132 



144^ 



SH 



132 

Me, « = 3 



167 

Cl 



134 

CMePhz 

163 

161 


Br 



135 

t-Bu 

154 

128 

164 

I 

131 

62 

135 


139^ 



NHj 

141 

64 

138 

Me, « = 4 



111 

SMe 

154 

122 

139 

CMejPh 

158 

144 

172 

Me 

(41 

64 

144 


145-^ 




128^ 



«-Pr 

178 

172 


COjMe 

132 

41 

141 

NEt2 

176 

174 


NO 2 

142 

60 

141 

Me, n = 5 

182, 188^ 


187 

PMe3 

159 

143 


MePhi 



180 

COMe 

142 

47 

144 

CH2Ph 

150 

102 

182 

Ph 



144 

CPha 

167 

178 

191 

PPh3 

170 

149 


CHPhj 

158 

140 

192 

Et 

146 

85 

150 






\ 32 ^ 


w = I unless otherwise indicated. 

* Coville, N. J.; Loonat, M. S.; White, D.; Carlton, L. Organometallics 1992, //. 1082; measured from the ring centroid as apex, 
based on Fe system with Centroid-Fe distance of 1.73 A. 

^ Reference as for footnote b but measured from the perspective of the ring centroid. 

^ White, D.; Taverner, B. C.; Leach, P. G. L.; Coville, N. J. Comput. Chem. 1993, 14, 1042; solid angle measured from Fe with 
Centroid-Fe distance of 1.73 A. 

^ Maitlis, P. M. Chem, Soc, Rev, 1981, 1; values for Rh^ and Rh”* complexes. 

^Mdhring, P, C.; Coville, N. J. J, Mol. Catai 1992, 77, 41; based on Zr system with Centroid-Zr distance of 2.2 A. 
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TABLE VI 

Cluster Cone Angles for Some Metal Framents 


TABLE VII 

Steric Sizes for Sulfides 


Tetrahedron Octahedron Icosahedron Ligand Er“ Ligand Er" 


Ideal cone angle 

109.5 


90.0 

63.9 

M-M == 

2.50 A 

NKrj^CjHs) 

97 

92 

82 

M-M = 

2.90 A 

90 


85 

55 

M-M = 

2.50 A 

114 

M(CO)j 

108 

96 

M-M = 

2.90 A 

108 


102 

90 

M-M = 

2.50 A 

68 

M(C0)2 

64 

57 

M-M = 

2.90 A 

64 


60 

54 

M-M = 

2.50 A 

36 

M(CO) 

34 

30 

M-M = 

2.90 A 

33 


31 

28 

M-M - 

2.50 A 

55 

MCI 

51 

44 

M-M = 

2.90 A 

50 


47 

40 


" Mingos, D. M. P. Inorg, Chem. 1982, 21, 466. 


SMe. 

42 

S(n-Pr)(n-Bu) 

65 

S(/-Bu)(5-Bu) 

55 

S(.?-Bu)(»-Bu) 

61 

SMe(/7-Pr) 

51 

S(benzyl)Et 

63 

SMe(/-Pr) 

54 

S(benzyl)(/-Pr) 

61 

SMe(s-Bu) 

46 

SEt(/-Bu) 

63 

SMe(«-Bu) 

52 

S(«-Bu)2 

63 

SMeEt 

51 

S(/7-Pr): 

64 

SMe(/-Bu) 

54 

S(benzyl)(5-Bu) 

64 

SEt(i-Pr) 

58 

S(n-Pr)(/-Bu) 

65 

SEt(/7-Bu) 

62 

S(/-Bu)2 

68 

S(/i-Pr)(.v-Bu) 

55 

S(benzyl)(n“Bu) 

64 

S(benzyl)(/-Bu) 

64 

SEtO-Bu) 

68 

SMe(/-Bu) 

57 

S(/-Pr): 

71 

S(/7-Pr)(/-Pr) 

53 

S(/?-Bu)(r-Bu) 

72 

S(/-Pr)(/-Bu) 

57 

S(benzyl)(/7-Pr) 

64 

S(/7-Bu)(/-Bu) 

68 

S(A7-Pr)(/-Bu) 

69 

S(/7-Bu)(5-Bu) 

56 

S(/-Bu)(r-Bu) 

72 

SEL 

59 

S(/-Pr)0-Bu) 

73 

S(benzyl)Me 

56 

S(A-Bu)2 

61 

SEUa-Bu) 

53 

S(benzyl)O-Bu) 

73 

SEt(/7-Pr) 

62 

S(r-Bu2) 

79 

S(/-Pr)(5-Bu) 

62 




Choi, M.-G.; White, D.; Brown, T. L. submitted for publication 
in Inorg. Chetn. Er is measured in kcal mol^’. 
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TABLE VIII 

Steric Sizes for Miscellaneous Ligands 


Ligand 

01“ 

ft/ 

SfO.f 

ft/”*.'- 

iif'- 

V d 

AsMe3 

114 

3.45 

126 

0.274 

27 

AsEt3 

128 

3.84 

134 

0.306 

40 

As(rt-Pr)3 

128 

4.48 

147 

0.357 


As(«-Bu)3 

128 

4.70 

151 

0.374 

44 

AsPhj 

141 

3.52 

128 

0.280 

44 

AsPhMe, 

123 

3.31 

124 

0.263 

30 

AsPhEt2 

132 

3.81 

134 

0.303 

36 

AsfOEt), 

105 

2.98 

117 

0.237 

40 

As(OPh )3 

124 

3.52 

128 

0.280 

42 

PhNC 

48, IV 

0.528 

47.3 

0.0420 


(9-MePhNC 

51, 92^" 

0.825 

59.4 

0.0656 


f>Me2PhNC 

53, 106" 

1.12 

69.5 

0.0892 


o-f-Bu.PhNC 

93, 141" 

2.99 

117 

0.238 


MeNC 

52" 

0.352 

38.5 

0.0280 


EtNC 

52, 64" 

0.586 

49.9 

0.0466 


i-PrNC 


0.835 

59.7 

0.0664 


/-BuNC 

68 , 70" 

1.07 

67.8 

0.0850 



Tolman, C. A. Chem, Rev. 1977, 77. 313. 

^ White, D.; Wade, P. W,; Coville, N. J. inorg. Chem., in preparation. The solid angle, 
n, is measured in steradians assuming hindered rotation. The measure in degrees refers to a 
right circular cone with that solid angle, fls is fl/An and gives the fraction of a sphere occupied. 

Isonitrile solid angles are measured assuming a M-C distance of 2.80 A. 

Brown, T. L, Inorg. Chem. 1992, 31, 1286; Er is measured in kcai mol"*. 

Tamamoto, Y.; Aoki, K.; Yamazaki, H. Inorg. Chem. 1979, 18, 1681; the first figure 
refers to the thickness and the second to the width of the group. 


B. Solid Angles 

Developments of quantification of steric effects using solid angles can 
be divided into two distinct periods: the first involves the detection of 
steric effects using molecular mechanics to produce ligand profiles, while 
in the second period methods of quantification were attempted. In this 
work we consider both of these genres in turn. 

Mosbo and co-workers were the first to report the use of molecular 
mechanics to assess as well as quantify steric size (26). In an attempt to 
refine the Tolman cone angle, $, for group 15 donor ligands, to allow for 
conformational preferences, these workers turned to molecular mechanics 
to calculate the weighted average of cone angles over all conformers of 
the ligand based on MINDO/3 calculations. The enthalpy of formation. 
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A//f, and atomic positions for each low-energy conformer were considered 
and normalized according to a Boltzmann-type distribution, 

m 

e = J,nidi, (5) 

/=i 

where is the mole fraction of conformer i and 6 is the Tolman cone 
angle of that conformer. The mole fractions were calculated as 


tii = 


8a 


8a + 8b^' + , . , + g.e 


IRT' 


( 6 ) 


where is the number of conformers with conformation A and is 
the difference in enthalpy of formation between conformers A and i at 
298 K. In the molecular mechanics calculation all atomic positions were 
allowed to optimize, but the metal atom was not considered. This is a 
limitation with the approach: possible conformers in which the PRj ligand 
would interact unfavorably with the ligand set can arise. In addition only 
a limited number of conformers were selected for study {trans, gauche- 
right, etc.) without attempts to determine whether these conformers cor¬ 
responded to energy minima. The van der Waals radii used were: H = 
1.22 A, C = 1.55 A, and P = O A. The unusual van der Waals radius of 
P was chosen for two reasons: the focus was on the substituent not the 
phosphorus atom, and the conventional value of 1.9 A was considered 
too large in organometallic complexes. 

Four different 6 values were defined: 



The first value, 0| is the maximum cone angle. On is the maximum cone 
angle in minimum conformation (Tolman cone angle), and is the aver¬ 
aged maximum cone, angle. The value 0iv, defined in Eq. (10), is propor¬ 
tional to the area under a ligand profile. Ligand profiles were generated 
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Fig. 9. Rotation about the M-P bond (<^) giving rise to a ligand profile. Redrawn from 
Ferguson et al. (ii) with permission. 

by plotting dH against 0 (the angle of rotation about the M-P bond) for 
each r rotational increment is the angle of rotation about the M-P 
bond—Fig. 9). 

It is to be noted that the use of ligand profiles was first introduced by 
Ferguson and co-workers in 1978 (ii) to assess the problem of steric size 
with respect to the shape of the ligand (Fig. 10). The ligand profile was 
developed in order to give a precise cone angle and to provide information 
about the spaces between atoms within a ligand. However, no attempt 
was made to quantify the area under the ligand profile to give rise to the 
equivalent of a solid angle. Maximum cone angles were generated and 
conformational effects were ignored. In the first paper of a series the 
ligand profiles for PCy^, P(/-Bu )3 and P(o-tol )3 were reported. In subse¬ 
quent publications ligand profiles for P(mesityl )3 (34) and As(mesityl )3 (i5) 



Fig. 10. Ligand profile for the PH 2 (i-Pr) ligand generated by 1° increments of plotted 
in cartesian coordinates. Redrawn from Mosbo et al. {25) with permission. 
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were reported. The propeller conformations in P(mesityl )3 were studied 
further as it is one of the most sterically demanding ligands synthesized 
to date (Tolman cone angle 212°, Ferguson et aL, 200-206°) {34). 

Smith and Oliver used an analogous method to examine 
C 3 H 5 )Pt(PCyj) 2 ] ^ complexes (i 6 ). Their study was performed to specifi¬ 
cally address the meshing problem in PCy 3 . The only difference in method 
between Smith and Oliver and Ferguson et aL, is that the former plotted 
the ligand profile in polar coordinates (Fig. 1 1) whereas the latter used 
cartesian coordinates. The latter method has a major advantage as the 
shape of the ligand is clearly visible in polar coordinates. Finally, and 
more recently, Mullica and co-workers have used the method of Smith 
and Oliver to provide the ligand profile for PPh 3 {37). This was done to 
rationalize the formation of c/s-[(i 7 ^-C 5 H 5 )Mo(C 6 ) 2 PPh 3 (NCCH 3 )]^ from 
the oxidative cleavage of /ranj-[(i 7 ‘'-C 5 H 5 )Mo(CO) 2 PPh 3 ] 2 Hg. These au¬ 
thors also used polar coordinates and noted the distinct propeller-like 
arms of the PPh 3 ligand in the profile. 

A different type of ligand profile was proposed by Farrar and Payne in 
1981 {37b). The authors traced the outside of the van der Waals radii of 



Fig. 11. Ligand profile of PCys plotted in polar coordinates. Redrawn from Smith and 
Oliver ( 36 ) with permission. 
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the ligand at its widest point, yielding a view of the ligand taken from the 
perspective of the metal. To our knowledge this is the only report of a 
profile of this type in the literature. 

It should be noted that a review by Clark and Hampden-Smith concern¬ 
ing steric effects in bulky phosphines appeared in 1987 (38). 

The solid angle provides a quantitative measure of the qualitative work 
described above. The solid angle, ft, at a point O of a surface can be 
represented by the integral 



rdS 


(II) 


where r is the position vector of an element of the surface with respect 
to O and r is the magnitude of r. The integrand takes into account the 
three relevant factors: the size of the element of surface, its inclination 
to the line joining the element to O, and the distance from O (39). In 
essence, the solid angle can be viewed as the surface area of that part of 
a solid projected onto the surface of a sphere (Fig. 12). In polar coordi- 



Fig. 12. Cartoon illustrating the definition of a solid angle. The area of shadow of a solid 
body projected onto the inside of a sphere is being measured. 
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nates, the expression for the solid angle can be reduced to 

fl = f'*' d<t> f*^*'*’* sin Odd 

hi -ifl.w 

= {cos di{4>) - cos diict))} d(t). 

J0] 

The solid angle is measured in steradians (sr). If the solid angle is consid¬ 
ered to be that of a cone, the vertex angle (commonly called linear or 
cone angle) of the cone is given by (40): 


Cl/° = 2 arccos 


fl (sr) 

277 


(13) 


The solid angle takes into account the actual shape of a group of atoms 
(spheres) under investigation (Fig. 13). Unlike linear cone angles, e.g., as 
used by Tolman, solid angles are additive so that the total solid angle of, 
for example, three spheres is the sum of the three individual solid angles. 
The solid angle does encompass the entire ligand or substituent, but in¬ 
cludes the overlap of the atomic radii of all atoms. Therefore to obtain 
an accurate measure of ligand size this overlap must be subtracted, a 
problem recently solved using both analytical {16) and numerical {41) 
methods. 

The use of solid angles to assess steric size dates back to the work of 
Immirzi and Musco in 1977 (40). These authors managed to calculate a 
variety of ligand compressibility values from a variety of crystal struc¬ 
tures. These compressibility values appear to give an indication of the 
number of conformational degrees of freedom in a ligand [e.g., 16% for 
PEtj vs 8% for P(f-Bu) 2 PL]. However, the methodology as reported by 
the authors was ultimately used to derive the equivalent linear angle giving 
rise to no advantages over the Tolman methodology. 



Fig, 13. Illustration of the principle difference between the linear angle (right circular 
cone) and the solid angle (irregularly shaped cone) shown for a PH 3 ligand. 
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The first workers to begin exploiting the advantages of the solid angle 
were Bagnall and Xing-Fu (42) in 1982 in studies on U(IV) organometallic 
complexes. A distinction was made between first-order and second-order 
steric effects: first-order effects arose from the atom or group attached 
directly to the metal whereas second-order effects arose from the rest of 
the ligand. A further distinction between global and local steric effects 
was noted; the former governing the stability of the complex as a whole 
and the latter the relative arrangements of the individual ligands. Two 
new terms were defined: the fan angle (f.a.) identical to the linear angle 
used by Tolman (for planar systems) and the cone angle factor 
(c.a.f.—later called the solid angle factor SAF). The c.a.f. was defined 
as follows: 


c.a.f. 


1 r» rzTT . . . 

— sin 6 dd d<f> 
An Jo 



cos 6). 


(14) 


By considering the sum of solid angle factors for all the ligands in [(r)^- 
C 5 H 5 )„UCl 4 .„], the value of n could be rationalized exclusively from a 
knowledge of the sum of solid angle factors (Ec.a.f.). The Ec.a.f. values 
indicate overall steric crowding whereas the analogous Ef.a. values indi¬ 
cate the total steric crowding in a specific plane. In a later publication, 
the cone angle factors were used by Fisher and Xing-Fu (43) to form 
the basis of the solid angle sum (SAS) rule to quantify the number of 
cyclopentadienyl groups that can be accommodated by a lanthanide metal. 
In attempting to measure the solid angle of a cyclopentadienyl ring the 
authors recognized the inaccuracies related to the use of a right circular 
cone as the basis for the solid angle calculation, but were unable to resolve 
the problem. Fisher and Xing-Fu (43) removed the C-H bond overlap 
problem by adding an additional term to the final calculation equation: 


SAS = 2 SAF, - S SAF/. (15) 

t j 

Lobkovskii (44), working with similar compounds, defined the solid 
angle of a cyclopentadienyl ring to be the solid angle of a regular pentagon 
counting only carbon atoms (i.e., the van der Waals radii of the outermost 
H atoms or methyl groups were ignored). This approach, again, does not 
utilize the additive property of the solid angle and has no real advantage 
over the linear angle approach. The generality of the SAS rule was tested 
with the preparation of /ra«.r-L(i 7 -^-C 5 H<j) 3 Ln(NCCH 3 ) 2 ], Ln = La, Ce, Pr, 
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complexes {45). The concept was further expanded, in a slightly different 
form, in two later publications by Xing-Fu and Ao-Ling {46). 

Sheeman et at. were the first workers to exploit the additive properties 
of solid angles more fully {47). By considering the kinetic data for the 
methylation of 2,3-dialkylpyridine and 2,5-dialkylpyridine they attempted 
to quantify the kinetic study by considering the point of attack of the 
methyl group on the organic substrate. From GEOME (MINDO/3) calcula¬ 
tions they found the point of attack of pyridine to lie along the para-C-N 
axis, 1.75 A from the N atom. Adding solid angles for each of the spheres 
visible when viewing the pyridine ring 1.75 A from the nitrogen (ignoring 
the overlap) they found 

fi y ” 477 f^OCC » ^ ^ 

where fiocc the solid angle of the pyridine ring. To eliminate electronic 
effects they added a further empirical factor. 

Razuvaev and co-workers {48) invoked steric effects in an attempt to 
rationalize the charge transfer behavior of [(t)-‘'-CjH 4 R)WX 2 ] complexes 
(R = Me, Et, n-Pr, «-Bu, i-Pr, ?-Bu; X = Cl, Br, I). The degree of transition 
of the complex into ion radical salts with tetracyanoethylene (TCNE) and 
tetracyanoquinodimethane (TCQE) was determined to be in the order 
Cl > Br > I and Me > Et ~ «-Pr ~ «-Bu > /-Pr > t-Bu. It was proposed 
that the alkyl substituent and halogen shielded the metal atom from the 
attacking TCNE or TCQE molecule. Solid angles of the substituted cyclo- 
pentadienyl group and halogens were reported. The solid angle calculation 
was based on an algorithm used by Zakharov et al. {49). This latter paper 
presented two analogous methods (using spherical and cylindrical coordi¬ 
nates) for the calculation of solid angles. The precise method was not 
reported, but it appears that the authors simply added solid spheres for 
each atom in the ring without taking into account the overlap between 
them. The methodology must be treated with caution since (i) the authors 
claimed that the solid angle was not affected by addition of hydrogen 
atoms, (ii) the units for solid angles were quoted as radians instead of 
steradians, and (iii) six solid angles are in excess of 477 sr [Ti(CH 2 CMe 3 ) 4 , 
Cr(CH2SiMe3)4, Cr(CH 2 CMe 3 ) 4 , V(mesityl) 3 , V(CH 2 SiMe 3 ) 4 , and WMe,]. 
In the cylindrical coordinate calculation the cylindrical projections are 
unfolded to give a ligand profile. These ligand profiles were used in an 
attempt to rationalize metal cluster formation {50). 

The calculation of cluster sizes was carried out by White using the solid 
angle approach {51). The assumptions used in the Mingos approach {32) 
were used in this analysis and consistent results were obtained, Metal 
cluster stability was also investigated and solid angles used to distinguish 
between the spatial requirements of terminal versus bridging carbonyl 
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groups. A bridging carbonyl group was generally found to occupy more 
space than a terminal carbonyl group. The areas of steric congestion in 
a cluster were studied using the radial profile methodology (52). This 
methodology Is discussed further in Section IV. 

Chauvin and Kagan (55) applied the solid angle concept to organic 
substituents and attempted to analyze stereochemical problems from this 
perspective. With this approach they solved the problem of differing con¬ 
formations associated with the substituent. First, for symmetric tops, the 
total linear angle was calculated using the Tolman approach. For other 
types of substituents each group on the substituent was made from succes¬ 
sive atomic layers Lo, L|, . . . , L„, where layer L* has 3* (or fewer) 
terminal atoms. If all the terminal atoms (X) are identical and on the same 
layer, then these atoms define a cone: 

n„,;^.(3'') = 27^[l - cos0(«,A)]. (17) 

The angle 0„ x is the linear angle mentioned above. Now, each individual 
atom defines a partial cone 

^k.X ^^k.x) ~ ^k.X (3*), (18) 

where ^ is the number of terminal atoms, X, of the ^th atoms in layer 
L*. Thus the solid angle of the substituent R is 

^W = tl^k.x(^k,x)- (19) 

A' X 

The advantage of the approach is that is conformation independent 
and measures the bulkiness of R rather than the steric hindrance of R, In 
the one layer case (e.g., CHX3) a plot of £' vs il gave a linear relationship 
with R~ = 1,000. For two or more layers the relationship is no longer linear 
but parallel curves result on increasing the number of layers (Fig. 14). 

A drawback to the method is that a tertiary group has less effect on 
the rate of a reaction than a secondary group with the same fl. Additional 
parameters were required to correct for this observation; 

fT = H - (a^ + Oy + a,), (20) 

where and are corrective coefficients for atoms X, Y, and Z 

attached directly to the first carbon atom. A plot of In(-Es) versus fF ' 
gives R^ = 0.996. The corrective coefficients incorporate influences of the 
second layer onto the first that are not of steric origin. 

Recently McClelland (54) used solid angles of simple spheres to rational¬ 
ize reactivities of triarylmethyl and dimethyl cations with azide ions under 
laser flash photolysis. 
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Fig. 14. Plot of -El against S(R), the solid angle, D, for alkyl groups containing more 
than one layer of atoms. Redrawn from Chauvin and Kagan (53) with permission. 

Hirota and co-workers were the first to address the atom overlap prob¬ 
lem in a quantitative fashion without introducing “fudge” factors (41). In 
their approach the entire molecule is projected onto the inside surface of 
a unit sphere (Fig. 15) and the total surface area of the shadow measured 
numerically. Since the required solid angle is obtained from a numerical 
rather than an analytical solution, any minor modification of the substitu¬ 
ent requires the recalculation of the entire solid angle. In addition, in its 
present form, the algorithm cannot calculate the solid angle of cyclic 
groups. The steric parameter, is the solid angle divided by 477 and 
focuses attention on the reactive center of an organic substrate. Thus Cl^ 
is the area of shadow divided by the total surface area of the sphere. 
To take into account differences in conformation a molecular mechanics 
(BlGSTRN-3) population mean of “every conformer” was used. The 
correlation coefficient, for a plot of vs Cl^ varies between 0.901 and 
0.941 as one moves from primary to tertiary alkyls. As a further test, the 
fls values were found to correlate with log (k/ko). 

Recently these authors reported the calculation of fi, values for a range 
of heteroatom-containing compounds (55). Using the Bondi data set for 




Steric Effects In Organometallic Chemistry 


127 



Fig. 15. Projection of an organic group onto the inside of a sphere. The solid lines 
indicate the solid angle from one vantage point, whereas the dotted lines indicate the small 
solid angle from further away. Redrawn from Komatsuzaki ei al. {41) with permission. 


atomic sizes, Hirota and co-workers again found a good correlation be¬ 
tween and E,, the Taft steric parameter (R- = 0.924). Two sets of data 
were defined, one relative to the methyl group, H, > ^nd the other relative 
to a carboxylic acid, Hs cooh- The plot of fl, versus for alkyl groups 
was found to lie above that of the heteroatom-containing compounds. 
This was rationalized on conformational grounds. In a group such as 
XCHjCOOH, two possible conformational extremes can be envisaged: 
one with X eclipsing the C=0 group (favored if X = alkyl) and the other 
with H eclipsing the carbonyl group (favored if X = halogen). The relative 
stabilization of one conformer relative to the other was measured using 
PM3 molecular orbital calculations and confirmed with MM2. 

In a subsequent publication, Komatsuzaki et al. extensively examined 
the utility of the Cl^ parameter (56). The conformational analysis mentioned 
above was performed using MM2 (BIGSTRN-3) and was based on steric 
energy and free energy considerations. Again two values were calcu¬ 
lated to enable a thorough statistical analysis. A correlation was found 
between CI^^cooh and ^s.Me = 0.984). The utility of fl, was tested 
using a topological statistical approach. If each carbon atom is classified 
according to the number of bonds between the reaction center, and Nj is 
the number of carbon atoms separated by j bonds, then the class, j, is 
evaluated through Oj defined in 

= flo + X 


(21) 
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In the statistical analysis, /3-carbon atoms (y = 1) were found to contribute 
predominantly to This was in contrast to the analogous system, 
where /3 and y carbon atoms (j = 1 and 2) were found to contribute to 
Ej almost equally. A more extensive relationship was also examined, 

n, (CR^R^R^-) = S [«*£;W + (22) 

k 

where Es(^*) the Taft-Dubois steric parameter for R^ and Ab*. is New¬ 
man’s six number (57) for each k {k = 1,2, 3). The groups, H, Me, 
Et, /-Pr, and t-Bu, were chosen as they exhibit a monotonically increasing 
set of £' values, which, consequently, are independent of conformational 
effects. Thus, and give the relative importance of the E'^ and A6i. 
parameters, respectively. Both fls,Me ^^s.cooh showed excellent corre¬ 
lations in the above relationship (R^ = 0.9994 and 0.998, respectively). 

In the same publication, Hirota and co-workers (56) also related flj to 
and <j>i (58), the Beckhaus constant. The plots of £' against fl^ were 
all linear with R^ varying between 0.801 and 0.986 as was the plot of d>f 
against (R^ = 0.901). 

In an extension of the same work, Hirota and co-workers defined the 
probability of reaction as 1 - fl^ - Cl ,, where is the solid angle of 
the rest of the molecule. This probability should be proportional to the 
pre-exponential factor in the Arrhenius equation. To test whether 1 - fl^ 
still measured steric effects, these authors found that log (1 - flj corre¬ 
lated well with E' (R^ = 0.828 - 0.994). In a kinetic study, fis was found 
to correlate better (R^ = 0.978 - 0.982) than E'^ with log (k/ka) according to 

log = pA + a, (23) 

where and a are constants (p^ measuring sensitivity to steric effects). 

Recently, an analytical solution to the overlap problem associated with 
the measurement of solid angles was presented by White et al. (16). The 
assumption that permitted an analytic solution of Eq. (11) was the initial, 
simplifying, step of considering only a pair of atoms bound together with 
the required overlap between their atomic radii. An enveloping cone was 
placed around these two atoms, which were projected onto the base of 
this cone (Fig. 16). The total solid angle of the cone is trivial to calculate. 
By integrating from one edge of the enveloping cone to the intersection, 
and then to the other edge, and subtracting from the solid angle of the 
cone, the solid angle of the two spheres was obtained. To obtain the solid 
angle for a group containing many atoms, the individual atoms in the 
molecule were traversed in pairs, subtracting the relevant portions added 
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Fig. 16. Projection of two spheres onto the base of an enveloping cone to form two 
ellipses. The unused portion of the enveloping cone is subtracted by integration leaving the 
solid angle of the two ellipses. 

more than once. For example; n(CH 3 ) = 3n(CH) - 20(0) (Fig. 17). This 
method for calculating solid angles (i) is general, i.e., applicable to any 
atom or combination of atoms in any geometrical arrangement in space; 
(ii) provides a measurement in units that are intuitively meaningful to 
practicing chemists; (iii) can be generated from a knowledge of only atomic 
radii, bond lengths, and angles; and (iv) takes into account group meshing. 

To take into account varying conformers White et al. undertook a 
molecular mechanics study (59). The approach chosen was to keep the 
study consistent with the recent work by Brown (60). Thus, a typical 
organometalllc fragment, Cr(C 0 ) 5 , was chosen and a starting ligand con- 
former was allowed to minimize initially using the SYBYL force field. 
The choice of the starting conformer was found to be critical as the SYBYL 
force field was found to be insensitive to conformational effects. Initially 
the conformer closest to that used by Tolman was chosen. This was refined 
by choosing a conformer of very high energy and the geometry was allowed 



Fig. 17. Illustration of the calculation of the solid angle for CHv three CH portions are 
added and two carbons subtracted. 
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TABLE IX 


e 


a 


Facile to measure. Initially required a 
physical scale model of the ligand for 
calculation. Currently possible to gener¬ 
ate 6 using molecular drawing software 
(e.g., ALCHEMY) 

Requires known bond lengths, angles, 
and atom sizes. 

Measured in degrees only. 


Nonadditive. Composites must be re¬ 
built. 

Only rotation about the M-P(N, C) 
bond. Gives ligand profile. 

Does not readily take into account ligand 
meshing. 


Requires algorithm which is now 
available. 


Requires known bond lengths, angles, 
and atom sizes. 

Measured in degrees, steradians, percent¬ 
age occupancy of sphere or efTective 
radius in angstroms. 

Additive. A composite can be readily cal¬ 
culated. 

Can be used to generate radial profiles, 
yielding variation in H with distance. 

Readily takes into account inter- and 
intraligand meshing. 


to optimize to a structure with minimal conformational effects. Once 
the minimum energy using SYBYL was obtained, this conformation was 
submitted to MM2 for accurate energy determination and fine tuning. No 
differences between the minimum conformers using the SYBYL or MM2 
force fields were found. The size of the ligand was then determined using 
solid angles with the Cr atom at the apex of the cone. Data for a range 
of commonly encountered ligands (phosphines, phosphites, amines, and 
cyclopentadienes) were thus determined and are given in Tables I-VIII. 


C. Summary 

In this section the two most popular and versatile measures of steric 
size were presented: the linear angle, 0, and the solid angle O. The advan¬ 
tages and disadvantages associated with 6 and il are listed in Table IX. 


Ill 

QUANTIFICATION OF STERIC SIZE USING 
MOLECULAR MECHANICS METHODS 

A. Ligand Repulsive Energy, £fl 

Two distinct molecular mechanics approaches that both quantify steric 
effects and assess steric size are described in this section. 
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To our knowledge only Brown has attempted to quantify steric effects 
using molecular mechanics (61). Brown noted that the steric effect is 
defined in terms of the repulsive forces that ligands exert on their environ¬ 
ment, which cause distortions from ideal geometries. A ligand repulsive 
energy, Ef ^, is defined in terms of the 1,4-repuIsive van der Waals interac¬ 
tion between atoms in a complex. To compute this effectively a prototypi¬ 
cal metal center, Cr(CO) 5 , was chosen. This was done because the vibra¬ 
tional function of CrCCO)^ is well defined and allows the molecular 
mechanics package employed (MMP2) to be thoroughly parameterized. 
Also, the rotational symmetry along the Cr-CO bond in Cr(CO )5 is fourfold 
as opposed to the threefold rotational symmetry that would exist about 
a Cr-P bond. Therefore the metal-ligand energy will not vary significantly 
with Cr-P bond roation. Finally Cr(CO )5 is representative of the general 
degree of steric crowding of a metal in organometalic complexes. 

The entire method involves a linear free energy approach (LFEA). The 
steric effect in the following reaction was investigated: 


Cr(CO )5 + PRj — CrtCOjPR,. 

The total energy change for the process is given by 

AE = £cr.p - £cr “ (24) 

where £cr-p the energy of Cr(CO) 5 PR 3 , £cr is the energy of CrCCO),, 
and £p is the energy of the free ligand. The molecular mechanics program 
MMP2 was thoroughly parametrized for both phosphine and phosphite 
complexes. Ultimately A£ varies with ligand structure, but is found to be 
a poor measure of steric effects as it contains information about both 
electronic (attractive van der Waals interactions) and steric (repulsive van 
der Waals interactions) effects. 

To employ the LFEA to define £r the minimum number of parameters 
was sought. Thus only short range, 1,4-van der Waals repulsions were 
considered. The evaluation of £r in every conformation was permitted, 
but the energy-minimized Cr(CO)jL structure was used. Ligand repulsive 
energies were calculated starting from the energy-minimized structure, but 
with the conventional exponential six-form Buckingham potential being 
replaced by a simplified version to consider only repulsive interactions. 
The conventional Buckingham potential takes the form 


-vdW 


= Z)n 



y 




(25) 


where Do is the depth of the potential well at the energy minimum, y is 
a scaling factor (usually 12.5), and r is the interatomic distance at the 
minimum potential energy (r = observed bond length, r^ the unstrained 
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bond distance). The Buckingham potential was replaced by 


'vdW 


= E£>o{y 


(26) 


summing over all 1,4-interactions in the complex. In the energy-minimized 
structure all parameters except the Cr-P bond length are kept constant; 
this value is varied in the vicinity of the equilibrium value, . The slope 
of the plot of Evdw versus rc^.p multiplied by then gives the value for Ef^: 


Er = 


(dE, 


vdW(repulsive) \ 
^'*Cr-P 




(27) 


The gradient is multiplied by to take into account the possibility of the 
two slopes giving similar values for different values. One important 
point to note is that the van der Waals radius of C(sp^) is chosen as 4.08 A 
as opposed to the conventional 3.88 A. This empirical change was intro¬ 
duced to accommodate aryl groups that give values lower than expected 
(according to kinetic measurements rather than correlations with 0). Li¬ 
gand repulsive energies correlate with the Tolman cone angle (R^ - 0.769, 
for all values computed, 69 data points). Steric thresholds were also 
noted in this measure as O as 0 '--82°. Thus this value, termed 

the absolute steric threshold^ indicates the onset of any significant li¬ 
gand-metal steric interaction. However, this value would vary with the 
individual metal chosen. 

Both the advantages and disadvantages of this measure are well docu¬ 
mented. The recognized disadvantages are: (i) the measure only applies 
to Cr(CO) 5 , but since this is representative of a ‘Typical’’ organometallic 
fragment the results should be general; (ii) £r depends, somewhat, on the 
force field employed; (iii) gas-phase conditions are assumed and hence 
solvent interactions are ignored; and (iv) the £r value is problematic 
when different conformers with very similar energies exist. However, the 
advantages are significant: (i) E^ values are calculated in a conformer most 
appropriate to a typical metal fragment; (ii) £r values for asymmetrically 
substituted phosphorus atoms are very easily calculated; (iii) the lone 
pairs on oxygen are included as being sterically active; (iv) the £r values 
are versatile: they can be extended to organic as well as other inorganic 
systems by only parametrizing a suitable molecular mechanics package; 
and (v) an absolute steric measure can be accomplished by extending to 
different metal systems. 

The £r values were recently employed by Choi and Brown to relate 
the coefficients of the steric and electronic terms in linear free energy 
relationships to kinetic and thermodynamic data (62). These authors con- 
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sidered the effect of a ligand on the atom transfer rates in Re(CO) 4 L 
radicals. The linear free energy relationship used was given by 

\nk = a El + b Sj + c, (28) 

where £,• and 5, represent the electronic and steric terms and a, b, and c 
are constants. This equation was related to the Re(CO) 4 L system by 
application of a Marcus-type model of atom transfer (in which the free 
energy of activation is considered rate determining). Recently Choi and 
Brown have extended the initial work on the measurements of P- and 
As-donor ligands to N-donor ligands (63) and S-donor ligands (64). The 
method remained identical: MM2 was parametrized for the relevant N- 
donor ligand set and the Er values measured relative to the Cr(CO )5 
fragment. To investigate the variation in relative to a different metal 
center, a series of measurements based on the [(T 7 ‘’-C 5 H 5 )Rh(CO)] fragment 
were performed (65). A good correlation between the two sets of data 
were found, and the authors concluded that the E^ measure was a good 
relative set of ligand steric parameters. A list of Er values for phosphines, 
phosphites, arsines, amines, and sulfides is given in Tables I, II, III, 
VII, and VIII. 

Rodger and Johnson have recently applied molecular mechanics to ratio¬ 
nalize the geometries of some tris-chelate complexes (66). These authors 
developed an atom-atom interaction model (AAIM) with the assumption 
that the M-L bond strength is independent of the relative orientations of 
the ligand and that nonbonding electrons do not dominate the overall 
energy of the structure. On this basis, the authors found that both attractive 
and repulsive ligand-ligand interactions need to be taken into account 
when rationalizing the overall geometries of complexes. However, no 
quantitative analysis of the steric effect was presented. 


B. Molecular Mechanics and Steric Size Assessment 

An interesting study involving ab initio calculations concerning steric 
effects was reported by Baird in 1989 (67). This work involved the rational¬ 
ization of bond angle data as an alternative to V SEPR theory. In a molecule 
of the form XjA, ab initio molecular orbital calculations showed that the 
R^x bond distance was the major factor influencing the X-A-X angle, 
particularly if A is a first-row element. For example, the HOH angle 
widens considerably as the OH distance is reduced. Similar effects were 
noted for NH, and singlet CHj. However, the rate of change was found 
to be slower for second-row elements (e.g., H 2 S). These changes were 
found not to relate either to electronegativity or to the presence of lone 
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ideal size 
metal ion 


Fig. 18. Ideal size for a metal ion as part of a five- or six-membered ring. Note the 
differences in bond lengths and angles for the two different cases. 


pairs: for example, CH 2 and H 2 O behaved very similarly but PH 3 was 
very different. Baird found that H 2 O, F 2 O, (CH 3 ) 20 , and CI 2 O all showed 
analogous trends and concluded that the optimum XAX bond angle de¬ 
pends on steric rather than electronic effects. 


C. Steric Effects in Macrocyclic Chemistry 

The common notion that a small metal ion is best accommodated in a 
small macrocyclic cavity and a large metal ion in a large cavity has been 
questioned by Hancock ( 68 ). Thermodynamic data based on this assump¬ 
tion lead to a number of anomalies in the prediction of complex stability, 
Hancock found a different type of steric effect based on chelate ring size: 
small metal ions are best found as part of six-membered rings, whereas 
large metal ions are most stable as part of five-membered rings. These 
cases are illustrated with N-donor macrocycles: in a six-membered ring, 
the best fit involves a N-M-N bite angle of 109.5° with M-N bond lengths 
of 1.54 A, whereas for the five-membered ring the bite angle closes to 69° 
with M-N bond lengths of 2.5 A in order to preserve the 109.5° internal 
angle in the macrocyclic cavity (Fig. 18). On this simple basis Hancock 
derived a set of rules for designing ligands in order to complex metal ions 
of given size using molecular mechanics as a predictive tool. 


IV 

QUANTIFICATION OF STERIC SIZE USING CHEMICAL METHODS 

A. The Modified Taft Steric Parameter, 

Taft defined the steric parameter, as 

£.-log(i), (29, 

where the rate constant, ^o. refers to the reference methyl-substituted 
ester and k is the rate constant for the acid-catalyzed hydrolysis of a 
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substituted ester (69). Taft’s steric parameters were averaged from four 
measurements: (i) hydrolysis of ethyl esters in 70% v/v aqueous acetone 
at 25°C, (ii) hydrolysis of ethyl esters in 60% v/v aqueous acetone at 
25°C, (iii) esterification of carboxylic acids with methanol at 25°, and (iv) 
esterification of carboxylic acids with ethanol at 25°. However, it was clear 
that the £, parameter contained resonance effects. Attempts to modify the 
defining equation to exclude these effects have been made. For example 
Hancock el al. (70) proposed 

£3 = £^ + (-0.306)(/j - 3), (30) 

where n is the number of a-hydrogen atoms in the substituent; while Palm 
(7/) defined 

£, = £,’-0.33(/Jh - 3)-0.13/Jc, (31) 

where is the number of a hydrogens and the number of a carbons 
in the substituent. 

Charton in 1969 (72) investigated an expanded relationship 

Es.x = “ O’l.x + ^ o’r.x + '/"‘v.x + h, (32) 

where cr| and ctr are localized and delocalized substituent constants, and 
the van der Waals radius. Charton’s approach was a simple regression 
analysis to determine the statistical significance of the constants a, /3, and 
ip. In the correlations three sets of substituents were identified: CHjX, 
CHXi, and CX, with two values each (/•„ „,,„ and r^ max)- For substituents 
with internal conformational degrees of freedom, the minimum conformer 
was chosen. In the regression analysis only ip was found to be statistically 
significant. Thus Charton concluded that the Taft steric parameter was 
free of electronic effects. In a parallel study Charton was able to show 
that £^ was an electronic parameter depending on a-, and ctr only (73). 
Charton also defined an alternative steric parameter, Vx , as 

Fx — 'v.X “ 'v.H » (33) 

where is the van der Waals radius (74). However, for accuracy, Vx is 
limited to symmetric substituents and, hence, the parameter lacks gener¬ 
ality. 

A major modification of the Taft steric parameter was made by 
MacPhee, el al. in 1978 (75). Charton’s modification was rejected by these 
authors as it was considered to be too simple. The fundamental correctness 
of Taft’s approach was acknowledged, but it was suggested that the calcu¬ 
lation was not sufficiently rigorous owing to the averaging over four reac¬ 
tions. These authors felt the assumption of Taft that all four reactions 
would respond identically to a change in steric effect was erroneous. 
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Therefore a single standard reaction was chosen: the acid-catalyzed esteri¬ 
fication of carboxylic acids in methanol at 40°C. The fundamental assump¬ 
tion in the work of these authors is that the mechanism of esterification 
does not change with steric effect. A comprehensive set of modified Taft 
steric parameters, values was presented. To test the modified steric 
parameter the yardstick chosen was Charton’s regression analysis (72) 
and a correlation of against Tv was found with R} = 0.99986. 

To further expand the relationship between chemical structure and 

, Panaye et al, turned to a topographical analysis of the variation of 
the steric parameter with the addition of alkyl groups (76). Three distinct 
regions were noted in the plots of £' against the number of carbon atoms 
in an alkyl group: in the first region (1-7 carbon atoms) E' increased 
monotonically with the number of carbons. In the second region (8 or 9 
carbon atoms) a levelling was noted with a dramatic decrease of E' to 
zero. Finally in the third region (more than 10 carbons) an inversion with 
change of sign was noted. To clarify the mechanism of reaction in relation 
to E' a knowledge of the precise spatial arrangements of the atoms was 
required. This was made difficult, however, by the lack of crystallographic 
data. To overcome this problem Dubois et aL turned to molecular mechan¬ 
ics to investigate the possibility of conformational effects playing a role 
in determining the locations of the three regions (77). Using the 1971 
Allinger force field within the BIGSTRN package these authors attempted 
to relate the site of attack of the incoming nucleophile with the E' measure¬ 
ment. For the first region mentioned above conformational effects were 
predicted important by molecular mechanics since the stable eclipsed 
conformers were all sterically active. In the second region the presence 
of both sterically active and sterically inactive sites were noted. In the 
third region molecular mechanics predicted highly distorted geometries 
for very bulky substituents [e.g., C(/-Pr )3 and C(Az-Bu)(/-Pr)Et]. 


B. Use of NMR Spectroscopy to Quantify Steric Size 

Staskun has quantified steric effects using NMR spectroscopy (75), 
Using NMR spectroscopy the van der Waals radius of a substituent, r ^, 
can be inferred from the chemical shift separation between nonequivalent 
benzylic protons A and B, AS^g, in N-substituted anilides (Fig. 19). The 
procedure is based on a linear regression analysis involving the equation 

ASAB = arx + /j, (34) 

where a and 5 are constants. The van der Waals radii for simple groups 
(e.g., halogens) and an effective radius for more complex organic substitu- 
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Fig. 19. The anilide used to determine the size of X on the basis of chemical shift 
separations between the resonances for protons and . 


ents were taken from the literature. Correlation coefficients, were 
found to vary between 0.93 and 0.97 for the series studied. In a later 
publication four more data points were added to the existing data ( 79 ). 
This model, although simple in its calculation, does require the preparation 
of a compound before a steric size of a substituent can be measured. As 
yet no data are available for very large or very small van der Waals radii. 


IV 

QUANTIFICATION OF THE VARIATION IN 
STERIC EFFECT WITH DISTANCE 

A consideration of the shape of a ligand suggests that its size (as mea¬ 
sured by ^ or n ) varies in an irregular way with distance from the apex. 
To date only one report that explores this variation of steric size with 
distance has appeared (52). In this publication the solid angle was chosen 
as a measure of steric size. Quantification of the variation in solid angle 
with distance from the metal center was achieved by use of a sphere of 
variable radius placed at the apex and expanded toward the ligand. As 
this sphere intersected the atoms in the ligand the contribution to the 
total solid angle could be calculated at each point at the radius of the 
growing sphere. 

Consider CH 3 as an example. Three cases are encountered in determin¬ 
ing fl as a function of distance from the metal center: (i) the sphere 
intersects only one atom of the ligand (e.g., C, Fig. 20a), (ii) the sphere 
intersects two (or more) nonoverlapping atoms of the ligand (e.g., H and 
C, Fig. 20c), and (iii) the sphere intersects two (or more) atoms of the 
sphere which are overlapping (Fig. 20b). If the sphere intersects more 
than two overlapping atonfis, then these atoms are traversed in a pairwise 
manner, identical to the method used for the calculation of the total solid 
angle (see Section II,B). For case (i) the portion of the atom intersected 
by the sphere is replaced by a sphere the cone of which has semivertex 
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Fig. 20. Three possible interactions between a sphere of variable radius and a typical 
ligand; (a) the sphere intersects only one atom, (b) the sphere intersects two or more atoms 
that overlap, and (c) the sphere intersects two or more atoms that do not overlap. 


angle y. The solid angle, fi,,, is thus given by 

n,, = 27r[l - cosy]. (35) 

For case (ii) the same method is followed and the solid angle is given by 
the sum of the two (or more) semivertex angles. Case (iii) follows the 
procedure developed previously; i.e., all atoms in the ligand are traversed 
pairwise (Section 11, B). A plot of the solid angle generated by the above 
procedure against radius gives a radial profile of the variation in steric 
effect along the ligand. 

This approach can be generalized to any ligand or substituent once bond 
lengths, bond angles, and atomic radii are known. 

To compare the steric demands with spatial variation of two (or more) 
ligands associated with the same metal a common vantage point must 
be chosen. If this is done, then steric interaction along a ligand can be 
ascertained. For systems in which the ligands are directly attached to the 
metal (e.g., Mo(CO) 4 LL') the metal atom is a good vantage point (or 
apex) from which to examine the steric interactions between any ligands. 
Examples in which L and L' are varied are shown to indicate the common 
region in space in which L and L' are observed. From Fig. 21 the steric 
interaction as a function of distance from the metal center can readily 
be detected. 

For systems such as [(tj^-CsHjRjIFelCOIIL)!] in which the ligands are 
not directly attached to the same metal, the metal is not a good vantage 
point for purposes of comparison. In this instance the point of intersection 
of the two vectors shown in Fig. 22 corresponds to the apex of the sphere 
of the variable radius. Using this approach the steric interaction between 
two ligands as a function of distance from the metal can be shown diagram- 
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-Si(C)^ CH3 

CHj 


Fig. 22. Choice of vantage point in [(T)'-C 5 H,R 2 )Fe(CO(PR 3 JI] (R = SiMes, t-Bu) com¬ 
plexes. The victor joining the centroid to Si(C) has been extended back by 2.997 A to point 
O and the vectdr joining Fe to P extended back 3.460 A to the same point. The coordinates 
of point 0 depend on the Fe-centroid distance (1.73 A) and the centroid-Fe-P angle ( 120 °). 


matically, as below for the complexes in which L or R are varied in [( 17 -'- 
C 5 H 4 R)Fe(CO)(L)I]-type complexes (Fig, 21). 

An example of the possible detection of this effect has been reported 
(77). In this study a ligand was specifically designed to test this suggestion. 
Multinuclear NMR spectroscopy, using complexes of the type [(■»)’- 
C 5 H 3 R 2 )Fe(CO(L)l] (R = SiMej, /-Bu; L = phosphine, phosphite or isoni¬ 
trile) was employed to probe this limit. The SiMej substituents in a 1,3- 
pseudo-gtminaX arrangement on the ring gives rise to two separate reso¬ 
nances for each of the atoms in the substituent in the 'H, '^C, and ^®Si 
NMR spectra. Similarly the /-Bu groups give rise to an analogous set of 
resonances in the ’H and '-’C NMR spectra. Thus, moving out in space 
from the ring centroid to the outermost protons of the various groups, 
the degree of correlation between relevant NMR parameters and cone 
angle (or solid angle) of the ligand can be monitored. In this study it was 
found that the Si and C atoms on the ring interact with the ligand in a 
manner predicted by bulk solid or linear angle measurements. The same 
applies to the protons of the f-Bu group, but the protons of the SiMej 




Fig. 23. Diagrammatic representation of the region in space (indicated area) in which a 
generalized Toyman cone angle for a PR 3 ligand is found to be meaningful for complexes of 
the type [(T? 5 -C 5 H 3 R 2 )Fe(CO)(PR 3 )I] (R = SiMej, t-Bu). 
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group did not (Fig. 23). Thus, it is concluded that the bulk solid angle is 
a poor measure of the steric demand of the ligand at certain points in 
space. In the case of SiMe 3 (and /-Bu) replacing the bulk solid angle by 
the solid angle at the point of the interacting protons the correlation 
between the chemical shift difference and the solid angle improved dramat¬ 
ically (Fig. 24). 
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Fig. 24. Plot of A(H6-H7) against (a) bulk solid angle, fi and (b) solid angle at a point 
for [(T)5-C5H,(SiMe3),]Fe(CO)(L)l]. 
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V 

STERIC PROFILES AND THRESHOLDS 


To correlate steric effects with chemical and physical properties it is 
necessary to differentiate between steric and electronic effects in relation 
to that property. In organometallic chemistry ligands have both cr and tt 
components. The separation of the cr from the tt components has a long 
history, which is not pertinent to this review, and is not discussed further. 

Zahres and co-workers attempted a separation of steric and electronic 
effects based on a regression analysis analogous to Tolman’s steric and 
electronic box (80 ). The enthalpy of the reaction between di-/x-methylbis[ I - 
methyI-l-T 7 M 2 -butenyl)]dinickel and a phosphorous ligand, L, was mea¬ 
sured and separated into steric and electronic contributions using regres¬ 
sion analysis. 

Giering and co-workers questioned this work some years later (81). 
These authors achieved a modified separation of steric and electronic 
effects using a quantitative analysis of ligand effects, or QALE, approach. 
To measure steric effects, the Tolman cone angle was used. However, 
the electronic effects were separated into cr and tt components. This was 
achieved by measurement of the reduction potential, for a series of 
Ni(CO) 3 L and [(T 7 '’-C 5 H 4 Me)Mn(CO) 2 L] complexes in which L was varied. 
The reduction potential was found to be free of steric effects as reflected 
by the absence of any significant correlation between and 6 for the 
full data set. However, further analysis of the data revealed three regions: 
(i) below 0.40 V deviations from linearity could be attributed to a mix of 
cr-donor/TT-donor effects in 7r-basic ligands, called Class I ligands, (ii) 
between 0.40 and 0.51 V linearity that could be associated with pure cr- 
donor ligands, called Class II, was observed, and (iii) above 0.51 V nonlin¬ 
earity was again observed and attributed to cr-donor/7r-acceptor, 7r-acid 
Class III ligands. Only for tt bases was E^ found to correlate with 6 to 
any significant extent. 

These authors also defined electronic and steric profiles. The electronic 
profile is a plot of log k or log K versus pA^^, whereas the steric pro¬ 
file is a plot of the deviation form linearity in the electronic profile, 
(log “ log k^) versus 6 for Class II ligands. The deviations from 
linearity for Class I and III ligands were attributed to tt effects. Various 
inferences were deduced from the electronic and steric profiles: the slope 
of the electronic profile gave a measure of the covalent character in the 
transition state, or the electron density on the metal in the transition state, 
whereas the steric profile revealed the steric threshold (6..{). The steric 
threshold was interpreted as the hole size into which a ligand had to fit 
in a transition state. The quantity was found to be a function of the amount 
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of covalent bonding between the ligand in the transition state, the size of 
the other coordinated ligands, and the coordination number of the metal. 
The slope of the steric profile, once the steric threshold, 0,,, has been 
exceeded, was termed the sleric sensitivity, which was defined as the 
ability of the complex to accommodate large ligands. 

In a subsequent publication Prock and co-workers expanded the QALE 
concept to permit the separation of heats of reaction, AH, into or- and tt- 
electronic components (82). They found that or- and Tr-electronic contribu¬ 
tions to AH were linearly dependent upon p^^ and ^Trb (reduction 

potential for n acids and bases, respectively) both before and after 0s,: 

-AH, = fl(pA:j + c, (36) 

= + c'. (37) 

It was noted that AH was dependent upon pK^ regardless of the ligand 
classification. However, since the data are not continuous functions (be¬ 
cause of the Class I, II, and III classification scheme), regression analysis 
could not be used in such studies. Thus graphical methods were used to 
detect the thresholds for the onset of steric and 7r-electronic effects. Only 
when such graphical analyses were found to be impossible did the authors 
resort to a regression analysis. Any deviations from linearity were attrib¬ 
uted to the onset of v effects. 

This work was further explored by Rahman et at. (83). A number of 
expressions that quantified the relationships made in (81) were derived. 
For or-donor ligands 


r-co = acTi + c, 

El = a’(T, + c', 


(38) 

(39) 


where o-j is the or donicity. Combining Eqs. (38) and (39) to reduce the 
quantities to purely measurable phenomena gave 


For TT-acceptor ligands 

vco = + C, 

= A'o-j + + C , 

where tt^ is the tt acidity. Combining (41) and (42) gives 


AB’ 


«^co= TT 5-— + 


AC 


(40) 

(41) 

(42) 


(43) 
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From these equations the authors were able to reason that for a-donor 
ligands a plot of versus vqq is linear whereas for tt acceptors a plot 
of pqo versus EZ and gives scatter. 

A number of papers by Giering and co-workers expanding the above 
work have since appeared. Of note is the extension of the work to thio- 
ethers (84), silanes (55), applications to a study of Fe-P bond lengths ( 86 ), 
spectator phosphines (87), oxidative carbonylation reactions ( 88 ), and the 
dynamics and thermodynamics of redox-promoted carbonylation of [(t?^- 
C 5 H 5 Fe(CO)(L)Me], L = group 15 donor ligand (89). In addition Moreno 
et al. have used the QALE concept to detect the steric threshold in [( 17 ^- 
C 5 H 4 COOMe)Co(CO) 2 ] substitution reactions (90). Pacchioni and Bagus 
have used QALE to investigate the role of d orbitals in Pd-PXj, trans- 
L^Pd-PX,, and (CO) 3 ~Pd-PX 3 complexes (X = H, Me, OMe,‘F; L = 
CO, NH 3 ) (9/), Recently Wang et aL have used quadruple coupling 
constants (QCC) to investigate the tt- acceptor ability of PMe 3 in W(CO) 5 L 
(92). This is the first report of the relationship between 7 r-bond strengths 
and the site of the QCC. This report managed to confirm that PMcj 
is a stronger tt acid than 7r-neutral amines. 

While the initial Giering paper (81) was in press, Poe and co-workers 
also proposed a method for separating steric and electronic effects (95). 
The main thrust of the Poe analysis was the separation of steric and 
electronic effects via a steric profile concept. Their conclusions arose 
from kinetic studies of the associative substitution of Ir 4 (CO)i 2 with P- 
donor ligands. In the reaction the rate constant was found to depend 
critically upon the concentration of the ligand. A plot of log /c 2 against the 
change in half-neutralization potential, AHNP, yielded no regular trend. 
However, two ligands with similar cone angles were chosen and a straight 
line joining their log k 2 values drawn. Deviations from this line were 
ascribed to steric effects, as the difference between observed values and 
the line was found to correlate with the Tolman cone angle, 6. A steric 
threshold around 101° was noted. Examination of the literature of similar 
reactions by Poe revealed that the form of the plots of log /c 2 against 0 
were typical of many associative substitution reactions. In subsequent 
publications Poe replaced the AHNP parameter with Poe and co¬ 
workers systematically examined the literature for applications to the 
equation 


log A:. = a + /3 (pK,, + 4) + y(e - OJ X, (44) 

where X (a switching factor) = 0 when 6 < 0^^ (the threshold cone angle) 
and X = 1 when 0 > 8^^; pK^> is the a basicity. The value of 4 in the 
equation was chosen as a correction factor for standard reactivity of 
a small, weakly basic nucleophile (94); a, /3, and y are constants. For 
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substitution reactions of the cluster RujlCOluCPCn-Bulj) with P-donor 
ligands little steric effect for ligands with d < 130° was noted. However, a 
strong relationship between d and log A:, was found for 0 > 130°. In contrast, 
the substitution of RujtCO),, by P-donor ligands showed a much more 
gradual change with 6. The differences between these two clusters was 
ascribed by Poe to a difference in steric flexibility. Numerous papers 
by Poe and co-workers have appeared exploiting and generalizing this 
separation of steric and electronic effects via the steric profile: kinetic 
studies on Ru 3 (CO)|o(Ai'Ph 2 PCH 2 PPH 2 ) with P-donor ligands (95), reac¬ 
tions between RujCCOInCPIOEtlj) and P- and As-donor ligands (96), reac¬ 
tions between Ru(CO) 4 L and P-, As-, and Sb-donor ligands (97), a compari¬ 
son of kinetics studies on Rh 4 (CO) 9 {P(OCH 2 ) 3 CEt }3 and Rh 4 (CO)|o(PCy 3)2 
(9<S), and the kinetics of RUftC(CO )|7 (9^)- 

Another detection of the steric threshold was noted by Seligson and 
Trogler in the study of the kinetics of olefin insertion into Pd-amine 
bonds ( 22 ). 

In a recent work by Dunne et al., the bonding properties of P-donor 
ligands were probed using geometric distortion parameters based on X- 
ray crystal structures {100). Analyzing some 1300 crystal structures these 
workers used molecular mechanics arguments to illustrate the geometric 
distortion from ideal geometries. These authors defined a mean angle 
deformation parameter, 54': 

•!f4' = 2«/-S/3,. (45) 

where a, is the Z-P-A angle in PA 3 (Z = any element) and is the A-P-A 
angle. This parameter was found to correlate reasonably well with the 
Tolman cone angle. 


VI 

QUANTIFICATION OF STERIC SIZE USING MOLECULAR VOLUMES 

An entirely different approach to the concept of size is given by the 
molecular volume approach. This involves the absolute measurement of 
volume occupied by a collection of atoms within a molecule. 

In 1986 Meyer reviewed some of the more philosophical issues relating 
to the use of molecular volumes and the assumptions used in their calcula¬ 
tion (/O/), The major objection to the commonly applied methods for 
calculating molecular volumes was that molecules do not have sharp, 
well-defined boundaries, but rather irregularly shaped topographies. Two 
extreme approaches to molecular volume measurements involve the calcu¬ 
lation of either minimum or maximum volumes. 
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The calculation of molecular volumes using the minimum volume as¬ 
sumption assumes that the molecule is composed of overlapping spheres. 
However, molecules are not strictly spherical and the calculation of molec¬ 
ular volumes based on van der Waals radii give molecular volumes that 
are too small. 

For the maximum volume approach a liquid is assumed to contain no 
interstitial sites. Hence the density, p, is a measure of the molecular size 
and the partial molar volume, u, is defined as the molar mass divided by 
the density. The molar volume, on the other hand, is defined as the 
partial molar volume divided by Avagadro’s number. Forpseudo-spherical 
molecules it can be shown that 




m 


M 

^aP 


in 

3 


(46) 


or 


4 TT N^p _ 
3M 


(47) 


where a is the radius of the sphere. For interstitial voids, however, 


4 7T N^p 
3M 


< 1 . 


(48) 


In 1975 Edward and Farrell attempted to calculate the partial molar 
volume from the van der Waals radius for a given substituent (102). The 
van der Waals radius, is related to the van der Waals volume, 
according to the equation 


r 


w 



(49) 


However, calculation of the van der Waals volume is not straightforward 
since an increase in volume upon dissolution of solute in solvent is not 
necessarily equal to the molecular volume of solute. These authors noted 
that the molecular volume exceeded the van der Waals volume by the 
volume of the solvent cage. To quantify this Edward and Farrell assumed 
that the solute molecules were spherical and had identical chemical proper¬ 
ties to each other (in order to exclude any electronic effects). If A is the 
volume of the solvent cage (i.e., the separation of the solute molecule 
from the solvent), then the partial molar volume for one molecule, v, is 



Steric Effects in Organometallic Chemistry 


147 


given by 



(50) 


A plot of versus gave a straight line with slope A = 0.53 A 

(based on five data points). In this work the authors noted that A decreased 
with hydrophilic molecules. One severe limitation is that the methodology 
only applied to pseudospherically shaped molecules. 

In 1978 Edward and co-workers noted that the partial molar volume, 
of alkanes was greater than their van der Waals volume , Vw, by an 
amount the empty volume {103). In a later work this was extended 
to aromatic hydrocarbons {104). 

In 1979 Motoc developed a different measure of steric effects based 
loosely on molecular volumes {105). A linear free energy relationship was 
employed to determine the overlapping volume of van der Waals volumes 
of atomic spheres reacting in the transition state. This method was called 
the overlapping volume analysis (OVA), where the overlapping volume 
was defined as 


OV = ap^, (51) 

and a is the volume of the parallelepiped circumscribing the van der Waals 
envelope of any two atoms, wh is the set of points within the overlapping 
volume, and OV and is the set of points within the parallelepiped. In 
a later publication Motoc et al. applied this analysis to a reaction involving 
radical addition to alkenes {106). A plot of the rate constant log against 
OV and 9^^ (the Swain-Lupton field constant) gave an R? of 0.88, whereas 
the same plot with replacing OV gave = 0.83. 

This method was extended to the calculation of octant volumes in a 
further publication {107). 

In 1983 in a classical paper Gavezzotti reported the calculation of molec¬ 
ular volumes, providing an algorithm for these calculations {108). In the 
method a substituent is described by a set of vectors, 5^, connecting the 
nuclei to the origin, and a set of radii, , defining a sphere around each 
nucleus. If the spheres overlap, Gavezzotti noted that the geometrical 
calculations became difficult. To calculate the molecular volume for a 
given substituent a sample envelope space containing all vectors and 
Ri was generated. A large number of probe points, N, were added and 
the number of points inside at least one sphere were counted (A^^cc)- The 
molecular volume was then given by 


V = V 




occ 

N ’ 


(52) 
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where was the volume of the envelope. The volume of an interstitial 
site was given by 

N - N 

= (53) 

The envelope was then divided into elementary volumes, £^ 1 ,and the 
fraction of space occupied by the fth elementary volume was defined as 

(54) 

and the volume of the interstitial holes by 

Vho.e= 2 (1 - A)VeU. (55) 

/,hole 

These formulae were applied to cryptate, inclusion compounds, and solid- 
state reactivity. 

In 1987 Bader et al. used charge distribution to determine the shapes 
and volumes of molecules (109). These authors noted that an atom was 
fully defined by an average of its observable equations of motion obtained 
by generalizing quantum mechanical equations to a given subsystem. This 
generalization was noted to be unique as it only applied to those regions 
in space under the given constraints. The subsystem was chosen to be 
bounded by a surface with a zero flux gradient vector field of charge 
density for every point on the surface. Therefore each real space was 
partitioned into disjoint sets containing only one nucleus. The atomic 
surface was defined as the union of interatomic surfaces. The atomic 
volume was a measure of the region of space enclosed by the intersection of 
atomic surfaces of zero flux, and the molecular volume, , was defined as 

(561 

where i;M is the atomic volume. Meyer extended these ideas to the 
calculation of a molecular surface in 1988 {IIO). 

In 1989 Higo and Go developed an algorithm for the rapid calculation 
of molecular volumes for large molecules (proteins and nucleic acids) 
(77/). The molecule was considered as a series of overlapping spheres 
with a rectangular box placed around the molecule. The sides of the box 
were an internal multiple of jc, the unit cell length. The space within the 
box was divided into cubes of unit sides x. Three types of cube were 
identified: interior, exterior, and surface. The molecular volume was then 
defined as the sum of the volume of the interior cubes plus half the volume 
of the surface cubes. This approximation becomes asymptotically correct 
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as X becomes smaller^ For rapid calculations x was chosen to be slightly 
smaller than the radii of the constituent spheres. This crude result was 
refined by dividing the surface cubes into eight smaller cubes and recalcu¬ 
lating the volume. 

The concept of molecular volume has been applied with much success 
to a variety of problems. Such applications include prediction of packing 
of molecules in a crystal (7/2), examination of the mutual orientation of 
aryl groups in a molecule (//i), an examination of hydrocarbon crystals 
(114), evaluation of the contribution of cavities in protein structures (//5), 
estimates of variable comic radii based on charge densities (7/6), topologi¬ 
cal analysis of histamines (777), application of void size to oxide ceramics 
(IJ8), and the quantification of chirality (779). 

A review by Braga appeared in 1992 (120) summarizing the applications 
of molecular volumes to organometallic complexes. The approach was 
first reported by Braga et al, who used ah initio calculations to investigate 
the geometries of certain clusters in the solid state (727). Since the metal- 
ligand bond strength is independent of the orientation of the ligand about 
the metal in the solid state, X-ray crystal data were used to provide a 
basis set of data for the analyses. A hard sphere approximation was used 
as the van der Waals radii of adjacent atoms can overlap over short 
distances. Three types of interaction were identified: metal-metal and 
metal-ligand bond interaction, intramolecular metal-metal and metal- 
ligand interactions, and intermolecular metal-metal and metal-ligand inter¬ 
actions. The intramolecular metal-metal and metal-ligand interactions 
are usually considered to be of steric origin and are, therefore, repulsive 
in nature. However, the authors found contributions from both attractive 
and repulsive interactions. The intermolecular interactions, which are also 
usually ignored, were taken into account by using a Buckingham potential 
[see Eq. (25)]. In the intramolecular energy calculations the 1,3-interac- 
tions were ignored and only 1,4-interactions considered. For almost all the 
clusters studied (Mn 2 (CO)io, Re 2 (CO)|Q, Fe 2 (CO) 9 , Co 2 (CO) 8 , Fe 3 (CO)j 2 , 
Ru 3 (CO)j 2 , red ^^(CO)^, and black ^^(CO)^) the authors found the CO 
groups on different metals in a cluster attract each other while the C-C 
interactions were repulsive. 

The advantages of the solid-state analysis were recognized in a subse¬ 
quent publication by Braga and Grepioni (722). The X-ray crystallographic 
data provide information about the molecular organization within the lat¬ 
tice. Cognisance of the ligand distribution over the cluster surface was 
taken in comparison with the molecular distribution within the lattice 
itself. These authors noted that the shape of the complex is important as 
it consists of bumps and spaces whereas the molecular geometry was 
considered as an internal parameter. Two neutral complexes, Ru 3 (CO)j 2 



150 


DAVID WHITE AND NEIL COVILLE 


(anticuboctahedral) and Fe 3 (CO )|2 (icosahedral) were considered and the 
analysis was performed using packing potential energy calculations. Later 
this analysis was expanded to include Fe 2 (CO )9 and Co 2 (CO )8 {123), 

An analogous analysis was performed on charged species {124), In this 
study the choice of counterion was considered in response to the known 
criterion “solid salts separate from aqueous solution easiest for combina¬ 
tions of either small cation-small anion or large cation-large anion, prefer¬ 
ably with systems having the same but opposite charges on the counter¬ 
ions” (725). This analysis was performed in order to answer three specific 
questions: (i) Is there any relation between charged and netural systems 
in terms of the crystal packing? (ii) What is the relationship between ion 
size, shape, stoichiometry, and packing motif? and (iii) Do any preferential 
packing motifs exist? The methodology used was the packing potential 
energy calculations for rationalizing neutral solid-state behavior but at a 
maximum distance of 15 A from the ion. Two different core systems were 
considered: [OsioC(CO) 24 ]"~ and [Rh 6 C(CO)i 5 ]^" in which space group 
symmetry was ignored. This was done in order to highlight the system 
from the perspective of a single ion. The authors found that, irrespective 
of the core nuclearity, cluster ions form monodimensional crystals within 
tridimensional networks. Also the intermolecular CO . . . CO distance 
was unaffected by the presence of the charge. The location of the site of 
anion-anion interlocking was found to depend on stoichiometry. When 
the anion:cation ratio was 1:2 and the cation was large, the anion pile 
was completely surrounded by cations, whereas when the anion: cation 
ratio was 1: 1 direct interpile was found. Two factors were identified as 
keys to the formation of ionic crystals: the need to occupy space efficiently 
and the overall electrical neutrality of the material, 

Mingos and Rohl quantified the above approach by recognizing the 
need to understand the experimental and theoretical factors governing 
crystallization {126,127). They calculated molecular volumes, surface 
areas, 5^, and shapes of ions using the method of Gavezzotti {108), To 
calculate the molecular volume, a parallelepiped was placed around the 
ion, which was constructed from a van der Waals sphere centered around 
the atomic position. Two variables were defined: the number of probe 
points, N, and a number of points inside at least one of the van der Waals 
spheres, Nq^c * If the volume of the parallelepiped is V n , then the molecular 
volume is given by 

(57) 

The molecular surface area was determined from moments of inertia calcu¬ 
lated without mass weighting {126, Ref. 8). From a computation of volumes 
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for cations, and anions these authors found that unusual anionic 
compounds may be stabilized if ^ By examining the ratio yjv. 
they found that cation-anion sizes need not be matched precisely in order 
for a complex to crystallize, but optimum crystallization occurs when 
is slightly larger than . This work used modified Bondi van der Waals 
radii for metal ions (l28) with the Gavezzotti method for calculat¬ 
ing molecular volumes and surfaces areas {108). An interesting correla¬ 
tion between molecular volume and surface area was found with = 
29.8 + 1.04 These authors also found that molecular ions do not 
obey strict spherical geometry and defined a geometrical parameter, I = 
to determine the deviations from spherical geometry of the ion 
under investigation. Mingos and Rohl also used moments of inertia to 
classify the shapes of molecular ions. 

Two interesting publications relating to the size and packing of ions 
have appeared recently. Bouche has found that the total van der Waals 
volume of an ion pair is smaller than the sum of the individual volumes 
of the ions {129), Further, Muller has quantitatively shown that the cubic 
closest-packed structure is more efficient in spacial arrangement than the 
hexagonal close-packed structure {130). The details of these methods are 
beyond the scope of this review. 

Recently an interesting paper by Hargittai describing steric effects in 
terms of VSEPR (valence shell electron pair repulsion) theory appeared 
{131), This descriptive paper (the details of which are beyond the scope 
of this review) aimed to draw attention to the importance of simple space 
considerations in an attempt to improve the synergic interactions between 
chemistry and other disciplines. 

In contrast to the publications discussed above, Charton and Charton, 
in 1979, produced a work that questioned whether molecular volumes 
were indeed related to steric effects {132), In this work these authors 
considered quantitative structure activity relationships (QSAR) to deter¬ 
mine whether van der Waals volume (V^), molar refractivity (MR), molar 
volume (VJ, Traube’s rule volume (V^), and molecular weight (WJ were 
interrelated. The four quantitative activity structure parameters were cor¬ 
related with the Bondi values for the van der Waals volume according to 
the equation 

Q=-mV^ + c, (58) 

where Q is the relevant QSAR and m and c are constants. For molar 
refractivity three categories were considered: tt bonding, partial tt bond¬ 
ing, and no tt bonding. The correlations between and Vyv were not 
significant nor was the correlation with MR, indicating that neither of 
these parameters is useful for the quantification of a steric effect. In a 
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kinetic and thermodynamic study both rate and equilibrium constants were 
found to depend on a steric parameter v rather than , thus indicating that 
volume or bulk measures do not measure steric effects. These authors 
found that all the QSAR are interrelated and proposed that they measure 
group polarizability or hydrophobicity. 


VIII 

SOME APPLICATIONS OF STERIC SIZE MEASUREMENTS 

The application of steric effects to rationalize physical and chemical 
properties in chemistry is widespread and spans such diverse realms as 
studies of fluxional behavior in osmium clusters (133), ’’F NMR spectros¬ 
copy studies of zwitterionic resonance of para-disubstituted arenes (134), 
‘^®Hg NMR studies of dimolybdenum mercury species (135), the use of 
'^O NMR spectroscopy to differentiate between open and triangular 
clusters (136), and the use of NMR spectroscopy to critically evaluate 
published phosphorus cone angle data using the methyl resonance 
(which is very sensitive to steric size) in complexes of the type 
[Co(L)(DH) 2 CH 30 H] , DH = dimethylglyoximate (137). To conclude this 
review the authors have chosen to illustrate some of the applications of 
steric size measurements, with examples from the area of transition metal 
cyclopentadienyl and aryl chemistry. 

In an early report of steric effects in cyclopentadienyl organometalllc 
chemistry Dammgen and Burger (138) suggested that addition of larger 
alkyl groups R, R', and R" to [(i 7 ^-C 5 H 5 )Ti(NR 2 ) 3 ] resulted in a change in 
the metalcyclopentadienyl hapticity to [(i 7 ^-C 5 H 3 R'R")Ti(NR 2 ) 3 ]. Mo¬ 
lecular models were built to assess the steric contribution of the alkyl 
groups. 

Werner and Hofmann (139) verified the mechanism of electrophilic sub¬ 
stitution on the cyclopentadienyl ring as proceeding through a cationic 
metal intermediate. Migration of the electrophile from the ring to the metal 
and subsequent loss of completed the reaction. The existence of 
product rotamers was investigated by means of NMR spectroscopy and 
the conformational preferences were rationalized on steric grounds, illus¬ 
trated by means of ball and stick models. 

Multinuclear NMR, as well as IR, spectroscopy was used by Rausch and 
co-workers (140) to investigate the steric effects in [(i 7 ^-C 5 H 4 R)Rh(CO) 2 ] 
complexes. These authors found a significant correlation between the 
inductive Taft steric parameter, cr,, and the '“^Rh chemical shift. From 
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the IR data they were able to conclude that CO stretching frequencies 
were in agreement with ^/^-electron back donation. 

Bonnemann has detected a steric effect in the Co-catalyzed synthesis 
of pyridines only when very bulky ligands are used (141), When complexes 
of the type YCoL, Y = i 7 -'*-C 5 H 5 .„R„, i 7 -''-C 9 H 7 .„R„, L = olefin, diolefin, 
aromatic hydrocarbon, CO, or P-donor ligands were used as catalysts, 
electronic effects were found to dominate catalytic activity, except when 
Y = T7-'^-l,2-C5H3(SiMe3)2 and i 7 “^-C 5 HPh 4 . In another catalytic study using 
substituted cyclopentadienyl ligands, Mdhring and Coville showed that 
both the size and electronic effects of R in [(i 7 '‘’-C 5 H 4 R) 2 ZrCl 2 ] influenced 
the rate of ethylene polymerization (142). Cone angle data for cyclopenta- 
dienes using the Zr system were reported. 

Coville and co-workers have also detected steric effects associated with 
monosubstituted cyclopentadienyl iron complexes. The chemical shift dif¬ 
ference between the ortho-cyclopentadienyl ring protons (or carbon 
atoms) were found to vary linearly with the cone angle of the ligand 
in complexes of the type l(i 7 '^-C 5 H 4 R)Fe(CO)(L)I] and [(i 7 '^-C 9 H 7 )Fe 
(CO)(L)I], R = Me, /-Bu; L = phosphine, phosphite, or isonitrile (143). 
Similar results were observed for complexes of the type [(t 7 '^-C 5 H 4 R)Ru 
(CO)(L)I] (144). 

Hunter et al. (145) used variable-temperature ‘^C NMR spectroscopy 
to calculate the energy barrier to rotation in [(T 7 ^-C 6 H 6 )Cr(CO)',(PPh 3 )], 
[(r}^-C,MQ,)Cr(CO) 2 (PPh,)l [(r}^-C,Ei,)Cr(CO) 2 (PPh,)l and [(v^-C^(n- 
Pr) 6 )Cr(CO) 2 (PPh 3 )]. The steric requirements of ring rotation were as¬ 
sessed by means of two intersecting cones: one from the metal to the 
arene and the other from the metal to the phosphine. Unfortunately no 
value for the arene cone was reported. Subsequently Hunter and co¬ 
workers (146) extended this study to [(T 7 ^-C 5 H 6 .,,Me,,)M(CO) 2 (PPh 3 )], 
M = Cr, Mo. 

The role of bulky substituents in the chemical and physical properties 
of cyclopentadienyl metal complexes has been reviewed by Okuda (147) 
and Schumann (148). Reports of the role of bulky ring substituents on the 
dynamic rotational behavior of cyclopentadienyl rings have appeared 
(149). 

Finally, a time-resolved IR study has been reported by Poliakoff and 
co-workers (150). The kinetics of the photochemical reactions of [( 17 '’- 
C 5 R 5 )Mn(CO) 3 ], R = H, Me, Et, were reported. Substitution for hydrogen 
on the cyclopentadienyl ring was shown to effect the rate of the reaction 
significantly. The differences in rate between the complexes with R = Me 
and R = Et confirmed that the reaction was under steric rather than 
electronic control. 
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IX 

CONCLUSION 

Some important issues arise from this review. There are two methods 
presently used to quantify steric size in chemistry. These arise from either 
a consideration of chemical properties (Taft-Dubois steric parameter) or 
physical properties (cone angle, solid angle, and ligand repulsive energy). 
The former approach has been adopted by organic chemists, whereas the 
latter has been extensively used by inorganic chemists. Recent reports 
have indicated, not unexpectedly, that the two approaches can be intercon¬ 
nected. 

The physical measurement approaches entail abstractions and are con¬ 
sequently based on a range of assumptions. If these are understood and 
appreciated, this measure can give a valuable means of quantifying the 
steric contribution in chemical reactions. However, there is an issue that 
needs to be highlighted. Presently all physical measures suffer from a 
fundamental limitation: comparisons between published data are not possi¬ 
ble. This largely arises from the diversity in parameters chosen for the 
measurement by different authors of the same or different ligands or 
groups (e.g., atom size, bond lengths, bond angles, and conformation). 
Two solutions to this problem exist. 

The first solution is to adopt and generate a uniform, standard set of 
data. The ability to readily measure cone angles or solid angles on a 
computer means that, unlike in the past where the physical measure re¬ 
quired construction of models, any ligand or substituent size can now be 
measured with ease. This should result in a more sophisticated approach 
to the concept of structure-reactivity correlations. This procedure is, in 
essence, that in use today. 

A second, and alternative, approach is to use different steric data sets 
unique to a given chemical system. Thus the steric sizes for given ligands 
will be different for different metals. This approach has the advantage 
that the steric measurements will be realistic in a specific reaction rather 
than relative to an arbitrary standard. In this approach a method rather 
than a specific steric value of steric demand should be formulated. 
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I 

INTRODUCTION AND SCOPE 

Despite the ready availability of sulfur dioxide as a substrate for transi¬ 
tion metal chemistry, it was first observed as a ligand to a transition metal 
as a result of hydroxide abstraction from a coordinated bisulfite ligand by 
Gleu (7) in 1936. Subsequently, a plethora of complexes of sulfur dioxide 
has been prepared, in general, by treating coordinatively unsaturated 
metal-ligand fragments with free sulfur dioxide. The coordination chemis- 
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try of this molecule has been extensively reviewed (2^) leading to the 
conclusion (2): "The diversity of bonding modes exhibited by S02-metal 
complex interactions is unequalled by any other ligand/' The organometal- 
lic chemistry of sulfur dioxide has focused on the interactions with cr- 
organyl derivatives whereby apparent insertion of the cumulene into the 
metal-carbon bond occurs. It is now accepted that this process is, in fact, 
not a conventional migratory-insertion process but rather a two-stage 
electrophilic attack/ion-pair collapse process, which now represents one 
of the best understood and studied classical reactions in organometallic 
chemistry (5) (Scheme 1). 


T/te Molecules A=S=B {A, B = O, S, NR, CR.) 

Sulfur dioxide may be considered the parent molecule for an isolobal 
range of nonlinear heterocumulenes based on a central two-coordinate 
tetravalent (X"*) sulfur atom. Extensive derivatization is conceivable by 
replacing the oxide substituents with dianionic groups to provide the mole¬ 
cules indicated in Scheme 2. 

These molecules, derived by replacing one or both oxygen atoms with 
sulfur, imino-(=NR) or alkylidene (=CR 2 ) units have varying stabilities 
but in many cases are isolable for suitable choices of substituent R. These 
heterocumulenes A=S=B have a rich organic chemistry, readily entering 
into redox, nucleophilic, electrophilic, and cycloadditive reactions that 
normally lead to reduction in the A=S bond orders. Both parallels and 
significant diversions from the reactivity associated with the "parent" 
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Scheme 1 . Mechanism for the insertion of sulfur dioxide into the metal-carbon bond 
of a metal alkyl complex 
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Scheme 2. Analogs of sulfur dioxide: The molecules A=S=B (A. B = O, S, CH 2 . NH), 


molecule, sulfur dioxide, are observed and this chemistry has been re¬ 
viewed elsewhere (6,7). 

From Scheme 2 it is apparent that SjO and the parent molecules (R = 
H) of these “derivatives” are in fact not stable. The stabilization of inde¬ 
pendently unstable molecules within the protective environment of a tran¬ 
sition metal coordination sphere is, however, an endearing feature of 
modem coordination chemistry. The wealth of coordination chemistry 
shown by sulfur dioxide should be greatly enhanced by replacement of 
the essentially innocent oxo-groups with potentially interactive or “nonin¬ 
nocent” imino-, sulfido-, or alkylidene groups. The price paid (and the 
benefits received) for the stabilization of unstable molecules by coordina¬ 
tion to a transition metal is often a substantial electronic relocalization, 
orbital rehybridization, and an accompanying divergence in reactivity 
relative to the free molecule. This review seeks to bring together the 
comparatively immature fields of organometallic and coordination chemis¬ 
try of these analogs of sulfur dioxide. Where possible, parallels for the 
guidance of future work in the area are drawn. The review does not deal 
specifically with the organometallic chemistry of sulfur dioxide itself, 
which has been adequately reviewed elsewhere (2-5); however, where 
appropriate, analogies are drawn for illustration. 
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II 

GENERAL COORDINATION CHEMISTRY 

A. Modes of Coordination 

While the coordination chemistry of sulfur dioxide has enjoyed much 
more attention than that of the analogous molecules A=S=B, many 
parallels are emerging in the simple modes of coordination that are 
adopted. The various binding modes shown (to date) by the X'*-sulfur(IV) 
cumulenes are summarized in Scheme 3. 

B. Theoretical Considerations 

We begin with a simplified description of the frontier orbitals of sulfur 
dioxide (Schemes 4 and 5) relevant to transition metal coordination and 
then consider how these are altered by replacement of the oxygen atoms 
by S, NH, and CH^. The orbital interactions involved in the bonding of 
SO 2 to transition metals have been discussed in detail elsewhere (2,i). 

Informative results providing valuable insights come from photoelectron 
spectroscopic studies by Bock and co-workers (5,9). These and other 
relevant data are summarized in Fig. 1 and Table I (8-16) (NB: No informa¬ 
tion about virtual unoccupied orbitals, which are of major importance in 
any retrodative processes with transition metals, is available from this 
technique.) 

The main features of Fig. 1 and Table I may be summarized as follows: 

(i) Replacement of one oxo-group does not lead to major changes in the 
A=S=0 angle or the S=0 separation. 

(ii) The positive charge on sulfur decreases in the series A=0 > S ~ 
NH > CH 2 . 

(iii) The negative charge on oxygen decreases in the series A=0 ~ NH > 
CH 2 > S. 

(iv) The negative charge remaining for A decreases in the series A=0 ~ 
S > NH > CH 2 . 

(v) The orbitals capable of acting as electron pair donors to a metal center 
are all of higher energy for the derivatives than for SO 2 . Specifically 
for HNSO (and presumably for HNSNH) the lone pair on nitrogen 
[n(N,0)] is more basic and therefore aza-analogs are more likely than 
SO 2 to coordinate in the o-(N) mode. 

(vi) The energy of the tt-HOMO increases in the order A=0 < NH « S 
< CH 2 and the donor component of synergic bonding for the 7r(S,A) 
mode of coordination may be expected to increase accordingly. 
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Scheme 3. Coordination modes for the analogs of sulfur dioxide (an asterisk denotes 
crystallographic verification). 


The above data give no information about the effect of substituent 
variation for sulfines, iminooxosulfuranes, and sulfur diimides, which may 
clearly be important in determining coordination mode. Furthermore, in 
the cr(S) and 7 r(S,A) coordination modes there is a very significant retroda- 
tive component to the bonding for low-valent metal centers (more im- 
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ENERGY - 

Scheme 4. Frontier orbitals for sulfur dioxide. 


portant in the latter) and the energies of the relevant acceptor orbitals are 
not experimentally determinable. In general, however, it can be surmised 
that in all cases the A=S bond is more reactive than the S=0 bond in 
SO 2 and accordingly a greater propensity for 7r(S,A) coordination can be 
expected. This will be further enhanced by electron withdrawing substitu¬ 
ents R, which will favor retrodative processes. 

C. Characteristic Spectroscopic Data 

The most useful spectroscopic tool in the characterization of A=S=B 
complexes is provided by infrared spectroscopy. The polar A=S=B li¬ 
gand typically shows intense absorptions the positions of which are 


M-- L -L 

(donation) (retrodonation) 



Scheme 5. Orbital interactions for the coordination of sulfur dioxide to a transition metal, 
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Fig. 1. Relative energies of occupied frontier molecular orbitals of the cumulenes 
A=S=0, A = O, NH, CH., S. 


Strongly dependent upon the coordination mode. The typical group fre¬ 
quency regions are shown in Fig. 2 according to the mode of coordination. 
It should be pointed out that in the case of iminooxosulfuranes and sulfur 
di-imides a strong band due primarily to P(cn) is often observed in a region 
overlapping with P(sn) ifi Ihe cr(N) mode of coordination and unambiguous 
assignment may require labeling studies. 

The applicability of NMR spectroscopy to the assignment of coordina¬ 
tion mode is less generally useful and dependent upon the specific ligands 
present. However, it should be noted that for the o-(S)-pyramidal and 
7 r(S,A) modes of coordination, a chiral center(S) is introduced and the 
resulting asymmetry may be reflected in NMR data associated with the 


TABLE 1 


Physical Data for the Cumulenes SO 2 , HNSO, CH 2 SO, and S 2 O 
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Mulliken charge on S 
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Fig. 2. Group frequencies for sulfur dioxide analogs bound to metals in various coordina¬ 
tion modes. 


coligands. It may be expected that ”0 and '“’N NMR will have roles to 
play in the future characterization of these complexes. 


Ill 

TRIATOMIC INTERCHALCOGENS 

The coordination chemistry of chalcogen-substituted analogs of sulfur 
dioxide (SeOj, SjO, SejO, and SjOj) remains in its infancy, in general, 
due to the instability of the free molecules with respect to oligomerization. 
Nevertheless, some promising initial results suggest that given suitable 
synthetic strategies, a rich chemistry may yet be accessible. 


A. Selenium Dioxide 

Selenium dioxide adopts a polymeric structure in the solid state; how¬ 
ever, two reports suggest that this polymer may still serve as a source of 
molecular selenium oxides: The first report deals with the reaction of 
[Pt(PPh 3 ) 2 (T}^-CH 2 CH 2 )] and selenium dioxide. By analogy with SO 2 chem¬ 
istry the complex was originally formulated as a selenium dioxide complex 
but subsequently shown to contain a bidentate selenite-0,0' ligand (i,/7). 
It is not yet clear whether the product is derived from oxidation of a 
coordinated Se02 ligand or hydrolysis of the free molecule. The second 
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report deals with a reaction that also finds analogy in sulfur dioxide chemis¬ 
try, namely the insertion of selenium dioxide into a metal-carbon o- bond. 
Thus treating [FeCH 3 (CO) 2 (T 7 -C 5 H 5 )] with solid selenium dioxide leads 
to the methyl selenonate-^^' complex [Fe(Se02CH3)(C0)2(i7-C5H5)] {J8). 
There is no obvious reason why this reaction should not be general; 
however, it has yet to receive significant attention. Clearly the coordina¬ 
tion chemistry of selenium dioxide is ripe for further study. The tendency 
for Se 02 to act as an oxidizing agent is, however, likely to be a continu¬ 
ing hindrance. 


B. Disulfur Monoxide 

The interest in the coordination chemistry of disulfur monoxide stems 
from two points of view. First, such complexes are plausible intermediates 
in the metal mediated reduction of sulfur dioxide. Second, and perhaps 
less well conceived, complexes of S 2 O might be considered to serve, under 
favorable conditions, as sources/reservoirs of the free molecule for use 
in subsequent syntheses. The results obtained so far would, however, 
suggest that dissociation of coordinated S 2 O as an intact species is very un¬ 
likely. 

1. Synthesis of Complexes 

Disulfur monoxide is unstable with respect to formation of elemental 
sulfur and sulfur dioxide; however, it has been generated as a transient 
species of sufficient lifetime for complete spectroscopic characterization 
(9,79-22). The coordination chemistry of disulfur monoxide has, to date, 
focused on the preparation of the molecule within the metal coordination 
sphere from suitable precursor ligands. The most common method in¬ 
volves the oxidation of a coordinated disulfur ligand by air, periodate, or 
a peracid. 

The first example of such a compound was reported by Schmid and 
Ritter {23) who exhaustively oxidized the cationic complex [Ir(i 7 ^- 
S 2 )(dppe) 2 ]^ (1) [dppe = l,2-bis(diphenyl-phosphino)ethane] to produce 
[lr(T7“-S202)(dppe)2]^ (2). Subsequent careful reduction with triphenyl- 
phosphine provided the disulfur monoxide complex [Ir(i 7 “-S 20 )(dppe) 2 ]^ 
(3). The reaction was subsequently refined by Rauchfuss (24) (Scheme 
6), who noted a secondary role by the counteranion [Cl” vs PF^]. 

This general approach has been extended to include the complexes 
[M(T?2.S.O)(CO)2(r?-C,R5)] (R = Me, M = Mn, Re; R = H, M = Re) 
(25,26), [Nb(T;2-S20)Cl(7?-C5H5)2] (24), and [0s(7?2.S20)Cl(N0)(PPh3)2] (9) 
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LnM^^I J2U L„M^ I^O 

S [R] 

Scheme 6 . Synthesis of complexes of disulfur monoxide: oxidation of coordinated di¬ 
sulfur. L„M = [Irfdppe):]", [OsCKNOKPPhjlj], [NbCKrj-C^Hs):], [MfCOjjfrj-CjRj)] (M = 
Mn, R = Me; M = Re, R = H, Me). [O] = O,, HOjCC6H4d-3, CH3CO3H, or IO4-. [R] = 
PPhj, -OPPh,. 

(27). In some cases the reaction may be complicated by further oxidation 
to the disulfur-5,5'-dioxide complex (23-25). 

A dinuclear complex of S 2 O viz. [Mo 2 (jU.: o-,7r-S20)2(S2CNEt2-S,S')4] 
has been isolated by aerial oxidation of a putative intermediate disulfur 
complex [Mo(T 7 ^-S 2 )(S 2 CNEt 2 ) 2 ] obtained by the reaction of [Mo(CO )2 
(S 2 CNEt 2 ) 2 ] with elemental sulfur (28). It was suggested that the SjO ligand 
is best thought of as a monoanion requiring a -I-3 oxidation state for 
molybdenum. It is, however, more reasonable to consider the ligand to 
be neutral [Mo(II)] or dianionic [Mo(IV)] given the diamagnetism of the 
complex and the lack of a direct Mo-Mo bond. 

The drawback with this synthetic route is that the corresponding disulfur 
complex is required. While there are now many examples of such com¬ 
plexes (29), these are generally prepared by the action of elemental sulfur 
on suitable coordinatively unsaturated complexes and these reactions are 
often complicated leading to complexes of the form [L„M(S 4 .)y]. The fac¬ 
tors dictating the value of x and y, however, have yet to be delineated. 

An alternative strategy that should find increasingly general application 
involves the modification of the corresponding iminooxosulfurane com¬ 
plex. Iminooxosulfurane complexes are typically hydrolytically unstable 
and readily hydrolyzed to the corresponding sulfur dioxide complex, pre¬ 
sumably within the coordination sphere of the metal. Extending this reac¬ 
tion by replacing water with hydrogen sulfide as the dibasic nucleophile 
leads to the corresponding disulfur monoxide complex. Thus reaction of 
the complexes [L„M(0SNS02QH4Me-4)] [L„M = IrCl(CO)PPh 3)2 (4a) 
(27); Mn(CO) 2 (T 7 -C 5 H 5 ) (6) (26)] with H 2 S provides tosyl amide and the 
corresponding disulfur monoxide complexes (5) and (7), respectively 
(Scheme 7). 

In the case of [0sCl(N0)(0SNS02C6H4Me-4)(PPh3)2] (8a) no reaction 
is observed with H 2 S, consistent with the reduced electrophilicity of the 
more electron-rich complex and the 7r(S,N) coordination mode (Section 
V,B,3). If, however, base to generate the hydrosulfide anion is present, 
a green disulfur complex [OsCl(NO)(T)^-S 2 )(PPh 3 ) 2 ] (9) is isolated, which 
presumably results from hydrosulfide reduction of an intermediate disulfur 
monoxide complex [0sCl(N0)(T)--S20)(PPh3)2] (10). The disulfur complex 
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Scheme 7. Synthesis of complexes of disulfur monoxide: reaction of coordinated R-NSO 
with H.S- R = S02QH4Me-4, L = PPhj; (i) H.S, -RNH,: (ii) H,S/base; (iii) CIQH4CO3H-3. 


(9) is also the product of the reaction of [OsCl(NO)(PPh 3 ) 3 ] (11) with 
elemental sulfur and this complex is readily oxidized to the disulfur monox¬ 
ide (10) complex by peracid (27). 

A report describing the generation of “S20(thf)j” via the reaction of 
thionyl chloride with silver oxide [presumably AgjS was intended] has 
recently appeared in the secondary literature. It is claimed that this reagent 
reacts with [RhCI(PPh 3 ) 3 ], and [MCI{CO)(PPh 3 )i] (M = Rh, Ir) to provide 
[RhCI(S20)(PPh3)2] and [MCI(C0)(S20)(PPh3j2]' (30). The only spectro¬ 
scopic datum reported for the iridium complex is quite different to that 
previously reported (27), and therefore critical evaluation of these results 
must await full publication. The authors have previously suggested that 
the reaction of [RhCKPPhjIj] with stilbene episulfoxide provides 
[RhCI(SO)(PPh 3 ) 2 ] (31); however, it has been subsequently suggested (24) 
that this complex is more likely to contain disulfur monoxide. 

2. Reactions of Coordinated Disidfur Monoxide 

The chemistry of coordinated S 2 O has yet to be studied in any detail. 
Simple oxidation or reduction to coordinated S 2 O 2 or S 2 has been dealt 
with above. The bulk of information has been derived from the reactions 
of (3) (24). Reaction with excess triphenylphosphine leads ultimately to 
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loss of phosphine oxide and phosphine sulfide and regeneration of the 
coordinatively unsaturated cationic complex [Ir(dppe) 2 ]^ (12). If one 
equivalent of triphenylphosphine is added then triphenylphosphine sulfide 
is the major product with only traces of the oxide being identified. This 
has been taken to indicate that the sulfur atom of the S 2 O ligand is the most 
electrophilic site. Alkylation [MeOSOjF] at the electron-rich exocyclic 
oxygen atom leads to the dicationic complex [Ir(Tj^-SSOMe)(dppe) 2 p^ 

(13) , which undergoes an unusual reaction with methyl isonitrile involving 
S-S bond cleavage and formation of [Ir(o--SOMe)(CNMe)(dppe) 2 ]^^ 

(14) and methyl thiocyanate (Scheme 8). The niobocene complex 

[Nb(T}^-S 20 )Cl(T}-C 5 H 5 ) 2 ] reacts with triphenylphosphine to provide 
[NbCl(=0)(T}-C5H5)2] (24) and SPPhj in direct contrast to the iridium 
reaction above. The manganese complex [Mn(T]^-S20)(C0)2(T]-C5Me5)] re¬ 
acts with [Mn(thf)(CO) 2 (T}-C 5 Me 5 )] to provide the dinuclear complexes 
[Mn,(M-S„)(CO) 4 (T}-C 5 Me,) 2 ] ' (« = 1,2) and [Mn 2 (M-S= 0 )(C 0 ) 4 (Tj- 

CjMejjj] (26). 

While coordination of S 2 O to a metal center clearly activates the mole¬ 
cule toward electrophilic attack, the weakening of the S-S bond is evident 
in the majority of the reported reactions that involve its facile cleavage. 
There is no evidence yet for the simple elimination of molecular S 2 O from 
its complexes in dramatic contrast to SO 2 . 

3. Structural Studies 

Two disulfur monoxide complexes have been structurally characterized: 
the mononuclear complex [Mn(T)‘-S20)(C0)2(T}-C5Me5)] (25) and the di¬ 
nuclear complex [Mo 2 (ju,: o-,77-S20)2(S2CNEt2-5,5') 4 ] (28). Structural data 
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Scheme 8. Reactions of coordinated disulfur monoxide. [Ir] = [Irfdppe),]^. (i) [Ti(S5)(T)- 
CsH,);]; (ii) CIQHiCOjH-S or NatlOJ; (iii) CHjOSO^F; (iv) 2-CNMe, -SCNMe. 
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Fig. 3. Structural data for free and coordinated disulfur monoxide. 


for the mononuclear complex may be compared with those for the free 
molecule (9J6,32) indicating that a substantial lengthening of the S-S 
bond occurs upon coordination, consistent with a strong 7r-acceptor role 
(Fig. 3). 


C. Diselenium Monoxide 

The oxidation of coordinated disulfur to disulfur monoxide has been 
extended by Rauchfuss to allow the isolation of a complex of diselenium 
monoxide viz. [Ir(T7^-Se20)(dppe)2]^ (16) (Scheme 9) (24). The reaction is 
surprisingly sensitive to the oxygen transfer reagent. Thus while high 
yields are obtained with perethanoic acid, 3-chloroperbenzoic acid leads 
to extensive decomposition. The generality of the reaction, however, has 
yet to be established. Thus, e.g., treatment of[M.n(r}^^-SQ 2 )(CO) 2 ir}-C^MQ^)] 
with either oxygen or peroxide leads to extensive decomposition and 
precipitation of elemental red selenium (26 J3). 

Unlike [Ir(T7"‘S20)(dppe)2]^ (3), the diselenium monoxide (13) complex 
is very prone to deoxygenation. Thus, for example, reaction with thiols 
leads to clean and rapid reversion to the diselenium complex (15) and 
formation of disulfides (Scheme 9). 

In conclusion, the analogy between coordinated sulfur dioxide and other 
triatomic interchalcogens is not a very useful one for the following reasons, 
(i) Coordination of S 2 O does not appear to be reversible; (ii) only one 
coordination mode is observed [ 77 ( 8 ,S')] and this seriously perturbs the 
molecule relative to the free state, and (iii) the reactions of coordinated 
S 2 O and Se 20 observed to date all involve degradation of the “molecule.” 


[Ir] 


( 1 ) 




(ill) 



(12) (15) (16) 

Scheme 9. Synthesis of a complex of diselenium monoxide. [Ir] = (Ir(dppe) 2 ]’. (i) 
[Ti(Se5)(T}-C,H5);]; (ii) CH,CO,H; (iii) +2 HSR, -H.O, -RSSR. 
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IV 

SULFINES (ALKYLIDENEOXO-A^-SULFURANES, THIONE-S-OXIDES) 

Sulfines are the least reactive of the sulfur (IV) heterocumulenes and 
unique among these classes of compounds in being found in biological 
systems, e.g., the familiar lachrymator in onions. The organic chemistry 
of sulfines has been reviewed (7). 


A. Modes of Coordination 

Simple sulfines (alkylideneoxo-X'^-sulfuranes or thione-5-oxides) have 
been shown to coordinate to transition metals in two different modes, 
aiS) and 7r(C,S). A weak o-(0) coordination has been proposed for the 
complex [TiCl4(cr-0=S=CPh2)] (34). In the case of a,j3-unsaturated sul¬ 
fines a tetrahapto-coordination is observed as a special case of the 7r(C,S) 
mode (i5). These complexes are notionally related to the iron tricarbonyl 
vinyl ketene complexes, which have enjoyed considerable application to 
organic synthesis in recent times (36) (Fig. 4). For a-thiolato-substituted 
sulfines a further mode of coordination is possible involving trihapto- or 
pseudo-ally lie coordination of the S—C=S moiety. The cr(S)-pyramidal 
mode of coordination has yet to be observed. 


B. Synthesis and Reactivity 

Relatively few examples of sulfine complexes have been reported 
(35,35,37^3), and very little is known about the effect of coordination 
upon reactivity. This is despite the comparative simplicity of synthetic 
routes to the free molecules. The parent molecule, CH2=S=0 is not 
independently stable although flash vacuum pyrolysis of suitable precur¬ 
sors has allowed spectroscopic characterization (8,14,15). A stable com¬ 
plex of sulfine (19), however, has been prepared by a stepwise assembly 
within the protective environment of an osmium coordination sphere. 


R 




O 


MLn.i 


Fig. 4. a-Substituent participation in sulfine coordination. ML„_i = 14 or 12 valence- 
electron metal ligand fragment. 
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Addition of elemental sulfur to the methylene complex [OsCl 
(NO)(=CH 2 )(PPh 3 ) 2 ] (17a) provides the thioformaldehyde complex 
[OsCl(NO)(T 7 “-CH 2 =S)(PPh 3 ) 2 ] (19) (44), which is cleanly oxidized by 
3-chloro-perbenzoic acid to provide the sulfine complex [OsCl(NO)(77^- 
CH 2 SO)(PPh 3 ) 2 ] (19) (Scheme 10) (37), 

On the basis of spectroscopic data (IR and NMR-ABXY-spin 

system) the sulfine is assumed to coordinate through the carbon and sulfur 
atoms of the cumulene. Although this mode of coordination may reflect 
the synthetic route, it is more likely that this is in fact the preferred 
coordination mode for sulfine bound to the electron-rich OsCl(NO)(PPh 3)2 
fragment. All other X'^-sulfur cumulenes bind to this fragment in a similar 
7 r(S,A) manner. Attempts to oxidize the related seleno- and telluro-formal- 
dehyde complexes [OsCl(NO)(rj^-CH 2 =A)(PPhj) 2 ] (A = Se, Te) (44) to 
provide the heavier analogs [ 0 sCl(N 0 )(T 7 ^“CH 2 =A= 0 )(PPh 3 ) 2 ] were 
not successful. 

The peracid or aerial oxidation of thia-acrolein complexes of iron (20) 
and cobalt have led to the formation of vinyl sulfine derivatives (21) (36) 
(Scheme 11). Free vinyl sulfine is unstable with respect to cyclization but 
is stabilized through coordination of the extended 7T-system to the iron 
or cobalt centers. Two isomeric possibilities exist for the vinyl sulfine 
ligand depending on whether the oxygen is exo (21a) or endo (21b). 
Surprisingly, the isomer distribution appears to be dependent upon the 
choice of oxidant (3-chloroperbenzoic acid or dioxygen) suggesting that 
these isomers do not readily convert. The coordination of the Fe(CO )3 to 
the prochiral faces of vinyl sulfines suggests the possible application to 
enantioselective organic synthesis, however, in contrast to the case of 
vinyl ketenes (36), this has yet to be addressed. 


L„Os—PPh 3 


( 1 ) 


LnOs=CH2 


( 11 ) 


(17a) 




(18) 


(ill) 


^CH2 
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(19) 


Scheme 10. Stepwise assembly of coordinated sulfine. L„M = [OsCI(NO)(PPh3)2]. (i) 
CH.Nj, -N,, -PPh^; (ii) ^ S^; (iii) CIC5H4CO3H-3. 
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Scheme 11. Synthesis of vinyl sulflne complexes. L„M = [FelCOls], [Colri-CsHj)]. (i) 
Oj or CIC6H4CO3H-3. 


A binuclear derivative may also be prepared in a similar manner and 
as with the mononuclear derivatives, the mode of coordination is assumed 
on the basis of spectroscopic data and by reference to the assumed struc¬ 
tures of the precursor complexes. Addition of suitable ligands leads to 
cleavage of the binuclear structure and formation of the corresponding 
mononuclear analog ( 35 ). 

The preceding iron examples involve synthesis of the sulfine within the 
metal coordination sphere. This may be a necessity for iron because Alper 
has shown that simple dlaryl sulhnes are readily reduced by iron carbonyls 
to the corresponding thione, which may in some cases be trapped by 
orthometallation to provide binuclear complexes ( 45 ). If manganese car¬ 
bonyl is employed simple reduction occurs with no organometallic prod¬ 
ucts being isolated. The solvent-stabilized complex [W(CO) 5 (thf)] reacts 
with 9-sulfinyl fluorene to provide an unstable adduct formulated as 
[W(CO) 5 ( 0 =S=CCi 2 H 8 )] (22), which decomposes at room temperature 
to provide fluorene-9-thione, [WICO)^] and CO 2 (Scheme 12) ( 38 ). 



Scheme 12. Metal-carbonyl-mediated reduction of sulfines. (i) (WfCOlsthf)]; (ii) -CO 2 , 
-[W(CO)d; (iii) [Mn,(CO)io]. 
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Scheme 13. Sulfine complexes of platinum(O). L = PPh^. R = CH 3 , R' = Ph, C 6 H 4 Me- 
4; CR^fluorenylidene (Ct^Hjt). (i) R'(RS)C=S=0, -2L; (ii) R 2 C=S=OP, -2L. 


The reactions of a variety of sulfines with phosphine complexes of the 
platinum group metals have been investigated both by van Koten and co¬ 
workers (39-43) and by Gdtzfried and Beck (38). Simple tt adducts (23) 
involving the C=S double bond [7r(S,C)] are observed between simple 
sulfines and the metal-ligand fragments PtL^ (L = PPh 3 , PCy 3 ) (Scheme 
13) (38J9). 

In the case of a-halosulfines, simple adducts (23a) may be isolated if 
the reaction is carried out in toluene; however, these adducts readily 
rearrange by oxidative addition to provide thioacyl-5-oxide complexes of 
platinum(II) (24) when redissolved in chloroform (Scheme 14). 

Such an interaction is also involved initially with a-mercapto-sulfines; 
however, subsequent reactions may ensue, leading to the C-S bond cleav- 

Cl 

i^R Cl R 

(i) y'l (■') I / 

IPtL,] ^ * -* LiPt^ I LiPt—c' 

o s=o 

(2Sc) (24) 

Scheme 14. Oxidative addition of a-halo sulfines to platinum(O). (i) C1RC=S=0, -2L, 
toluene; (ii) chloroform. 
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age with concomitant oxidative addition to the metal center and formation 
of or-thioacyl-S-oxide complexes. It has been proposed that the C-S bond 
cleavage reactions may proceed via trihapto- or pseudo-allylic coordina¬ 
tion of the S—C=S linkage (Fig. 4, Scheme 13). This is supported by 
the spectroscopic observation (NMR) of fluxional processes for platinum 
complexes of 7r(C,S)-bound a-thiolato sulfines, which do not proceed 
to complete C-S bond cleavage (40). Despite the increased electronic 
encouragement for oxidative addition upon replacing triphenylphosphine 
with the more basic tricyclohexylphosphine, oxidative addition is in fact 
not favored (41). This is presumably due to the increased steric constraints. 
Simple Gr(S) coordination is proposed for the complexes (25) derived from 
the treatment of (26) with bulky phosphines and simple sulfines (37). In 
the case of the rhodium(I) complexes [RhCl(PR 3 ) 2 {T 7 ^- 0 =S=C(R‘)R^}] 
(27) and [RhCl(PR3){7j^-0=S=C(R‘)R2 (S,S')}] [R = 'Pr, Cy; R^ = SMe, 
R^ = C5H4Me-4; R‘ = R^ = SC6H4Me-4] (28) the coordination of one 
phosphine ligand is reversible; however, this does not appear to effect 
the trihapto-S—C=S coordination (Scheme 15) (39). The factors de¬ 
termining the mode of coordination of ^-thiolato-sulfines and whether or 
not oxidation occurs include: 

(i) the nature of the metal-ligand fragment (propensity for oxidative addi- 



( 25 ) ( 28 ) 


Scheme 15. Sulfine complexes of rhodium(I). coe - cyclooctene, R = />Pr, Cy; R‘ = CH 3 , 
R- = C 5 H 4 Me 4 , SC 6 H 4 Me -4 or R‘ = C 6 H 4 Me- 4 , R- = SC6H4 Me-4. (i) PR 3 ; (ii) R'r2c=S=0. 
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tion, i.e., coligand basicity and steric requirements, degree of coordi- 
native unsaturation, frontier orbital symmetry) and 
(ii) stereochemistry of substitution at carbon (Z or £ with respect to the 
cumulene spine). 

A complete delineation of these factors must, however, await a broadening 
of this class of complexes to include more diverse metal-ligand fragments. 

One possibility that may be anticipated for bis(thiolato)sulfines, but that 
has yet to be realized, is the three-fragment oxidative addition of both C-S 
bonds to provide complexes of the (to date) hypothetical thiocarbonyl-5- 
oxide ligand [L„M(C=S=0)(SR)2], which may be considered an isomer 
of carbonyl sulfide. Given that three-fragment oxidative addition of thio- 
phosgene to [RhCl(PPh 3 ) 3 ] provides the thiocarbonyl complex 
[RhCl 3 (CS)(PPh 3 ) 2 ], this is an attractive possibility, which is also supported 
by the isolation of “thiazate" or thionitrosyl-5-oxide complexes 
[L,M{N=S=0)] (Section V11,A). 

In contrast to the insertion reactions of SO 2 and its nitrogen analogs 
(Sections V,C,2 and VI, C,2), those of sulfines with organotransition metal 
complexes have yet to be investigated in any detail. One report has dealt 
with the presumed insertion of the parent molecule, generated in situ 
[CH 3 S(= 0 )Cl/Et 3 N] with [WH(CO)3(7?-C5H5)], which leads to the forma¬ 
tion of a sulfenato-5 derivative {46). Notably, the same result is to be 
expected from simple nucleophilic attack at CH 3 S(= 0 )Cl by the anion 
[W(CO) 3 (t 7 -C 5 H 5 )]“, without requiring the intermediacy of free sulfine. It 
should be pointed out that of the analogs of sulfur dioxide, sulfines are 
the least electrophilic and it can therefore be anticipated that, at least in the 
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Scheme 16. a-Metallasulfine synthesis by oxidation of thioacyl complexes. L„Fe = 
[Fe(CO),(i}-C 5 H 5 )]. L„Os = [OsCKCOKPPhj),]: (i) CIQH 4 CO 3 H. 
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absence of Lewis acids, these molecules will not be particularly reactive 
toward insertion into metal-carbon bonds. This presumption is based on 
the generally accepted two-step electrophilic attack mechanism for SO 2 , 
RNSO, and (RN) 2 S “insertion” reactions. 


C. Structural and Spectroscopic Studies 

One example of a structurally characterized sulfine complex involving 
9-sulfinylfluorine (Fig. 5) has been reported (42). Although the \4-7t system 
of the fluorenylidene group might be expected to also perturb the C-S 
multiple bonding (resonance form B), there is nevertheless a clear length¬ 
ening (ca. 6%) of the C-S bond length relative to that of the free parent 
molecule, CH 2 SO {8J4J5) consistent with a vr-acceptor role for sulfines 
bound to electron-rich metal centers in the 7 r(C,S) mode. 

Clearly despite the simple synthetic accessibility of sulfines, the coordi¬ 
nation chemistry of these molecules remains sparse and offers a fertile 
field for further investigation. 


D. a-Metallasuffines 

To date the only structurally characterized mode of coordination for 
sulfines in which one substituent is a transition metal involves simple 
o'(C) coordination (40) discussed above. This mode is also adopted in 
the complex [Fe{cr-C(=SO)SMe}(CO) 2 (T 7 -C 5 H 5 )] (29) obtained by peracid 
oxidation of the dithiomethoxycarbonyl complex [Fe(cr-CS 2 Me)(CO) 2 (T 7 - 
C 5 H 5 )] (30) (Scheme 16) (47). The alternative bidentate coordination mode 



Fig. 5 . Structural data for free and complexed sulfines (bond lengths in angstroms). 
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Scheme 17 . Proposed intermediacy of an a-metallasulfine. R = Cf,H3Me2-2,6; (i) OSCU 
three-fragment oxidative addition, (-CO). 


is proposed to occur p'P/'H NMR] in the complex [OsCI{tj^-C(=SO) 
QH4 Me-4}(CO)(PPh,)2] (31) obtained by oxidation of the thiotoluyl com¬ 
plex [OsCI{T}2-C(=S)(:6H4Me-4KCO)(PPh,)2] (32) (Scheme 16) (48). 

A related complex [W{t}--C(=SO)R}CI 2 (CO)(t}-C 5 H 5 )] (R = QH 3 Me 2 - 
2,6) (33) has been proposed as an intermediate in the formation of the 
metallacyclic carbene complex [W{=CRSCRS}CI 3 (t}-C 5 H 5 )] (34) by addi¬ 
tion of thionyl chloride to [W(=CR)(CO) 2 (t}-C 5 H 5 )] (35) (Scheme 17) (49). 
Coordinated CO is presumed to act as an intramolecular reductant to 
produce the thioacyl complex (36) which subsequently dimerises with 
loss of WCI(r,-C 5 H,). 


V 

/V-SULFINYLAMINES (IMINOOXO-A^-SULFURANES) 

After sulfur dioxide, iminooxosulfuranes (A-sulfinylamines) have the 
most extensive organometallic and coordination chemistry among the \*- 
sulfur(IV) cumulenes. This may be traced in part to their ease of prepara¬ 
tion and the presence of only one reactive N=S double bond, which 
prevents the substantial fragmentation pathways available to diiminosul- 
furanes (Section VI,B). 
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A. Simple Coordination Complexes 

Iminooxosulfuranes have been observed to bond to transition metals 
in three modes, which are analogous to those observed for SO 2 , viz 7r(N,S) 
(27,50-57), o-(S)-trigonal (26,55,58), and o'(S)-pyramidal (Scheme 3) 
(27,51,54). In the case of tt coordination it is typically the N=S multiple 
bond that is involved in coordination to the metal center, reflecting the 
greater reactivity of this linkage. 


I. Factors Affecting Coordination Mode 

The factors dictating the mode of coordination adopted have been dis¬ 
cussed (55) and while the breadth of examples for comparison is not as 
extensive as that for sulfur dioxide complexes, it is sufficient for some 
preliminary generalizations to be made. Factors to consider include (i) 
imino substituent; (ii) metal-ligand fragment basicity and degree of coordi- 
native saturation; and (iii) metal-ligand fragment frontier orbital sym¬ 
metry. 

In general the more electron rich the metal-ligand fragment the greater 
the propensity for side-on 7r(N,S) coordination as this most effectively 
alleviates excess metal ^-electron density. For less electron-rich metal 
centers (or those with competitive strong 7r-acid coligands) the o-(S)-trigo- 
nal coordination mode is preferred in most cases. Although this mode of 
coordination also offers the metal an acceptor orbital of tt symmetry, this 
is directed orthogonal to the metal-sulfur vector [in contrast to the 7r*(SN) 
acceptor orbital used in side-on coordination]. This is therefore presum¬ 
ably not as efficient in retrodative interactions, leaving cr donation the 
most important interaction. Accordingly, this mode is more suitable for 
metals with modest retrodative abilities. 

In some cases, depending on the frontier orbital symmetry of the metal 
ligand fragment, the o'(S)-pyramidal mode of coordination may be adopted. 
It has been suggested that the orbital interactions that determine whether 
a nitrosyl ligand coordinates in a linear or bent manner (59) are essentially 
the same as those that dictate whether SO 2 adopts a o-(S)-trigonal or o'(S)- 
pyramidal coordination mode (2). Accordingly, for L4M(S02), pyramidali- 
zation at sulfur is considered to circumvent the population of a low-lying 
M-S antibonding orbital of cr symmetry, directed along the metal-sulfur 
vector for coordinatively saturated complexes with ^-electron counts of 
greater than six. Thus o'(S)-trigonal coordination is rare for d^ SO 2 com¬ 
plexes and yet to be confirmed for '^-electron configurations. 

Within the limited range of iminooxosulfurane complexes that have 
been characterized, the rules for SO 2 coordination appear to be generally 



Chemistry of Sulfur Dioxide Analogs 


181 


applicable, notwithstanding the increased propensity for Tr(N,S) coordina¬ 
tion. These points are illustrated by the examples shown in Scheme 18. 
The effect of metal basicity on coordination mode is illustrated by compar¬ 
ing (4a) [cr(S)-pyramidal] with the isoelectronic but more basic complexes 
(8) and (36) ['rr(N,S)]. The effect of frontier orbital symmetry is clear 
from the 16-electron complex (37) [rrlS.N)] and (38) [cr(S)-pyramidal]. 
Replacing the nitrosyl ligand in (8) with a chloride to provide (39) formally 
decreases the d occupancy and valence electron count by two. It is not 
clear why only one iminooxosulfurane coordinates since the complex is 
coordinatively unsaturated. 

The coordination modes for the known complexes of iminooxosulfur- 
anes with different metal ligand fragments are summarized in Fig. 6, which 
also serves to identify areas for further synthetic investigation. 
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Scheme 18 . Iminooxosulfurane coordination modes: Selected examples. L - PPh3, R 
S02C6H4Me-4; n\E = effective atomic number count for central metal. 
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Fig. 6 . Factors affecting iminooxosulfurane coordination mode. 


2. Synthesis of Iminooxosulfurane Complexes 

In all cases the complexes have been prepared from the free iminooxo¬ 
sulfurane and a suitable coordinatively unsaturated metal complex, or pre¬ 
cursor. 


a. Iron, ruthenium, and osmium The iron complexes [Fe(Tj^-OSNAr) 
(CO) 2 (PPh 3 ) 2 ] (40) result from the reaction of the free aryliminooxosulfur- 
ane with [Fe(CO) 2 (PPh 3 ) 3 ]; however, the most conveniently prepared iron 
reagents are either [Fe{T?^-PhCHCHC(0)Me}(C0)3] or [Fe 2 (CO) 9 ]. These 
latter reagents when employed at room temperature produce intractable 
red oils that are presumably [Fe(OSNAr)(CO) 4 ]. If the reaction is carried 
out in the presence of suitable phosphines the thermally stable complexes 
(40) are obtained in yields of 30-55% (Scheme 19) depending on the nature 
of the phosphine and the aryl substituents (57). Notably, the more electron 
rich the phosphine and the more electron withdrawing the aryl substituent, 
the higher the yield. This is consistent with the assumed 7r(N,S) coordina¬ 
tion mode for which the principle metal-ligand interaction is metal to 
ligand retrodonation. These derivatives serve as useful precursors for 
other iminooxosulfurane complexes of iron(O) by ligand substitution reac¬ 
tions. In the majority of these substitution reactions the integrity of the 
7r(N,S) coordination is ultimately retained. 

The thermolytic reaction between [Fe 2 (CO) 9 ] and iminooxosulfuranes 
typically leads to rupture of the sulfur(IV) cumulene and isolation of 
fragmentation products (Scheme 20). Thus, e.g., with phenyliminooxosul- 
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Scheme 19. Itninooxosulfurane complexes of iron(O). L = PPhj; R = C^H4X-4 (X = H, 
Cl, Br, F, Me, OMe, NO,); R' = Me, Et, C^Hi,, CH,Ph; P(OR"), = PfOMe),, P(OEt),, P(0- 
i-Pr),, P(OCH,),CMe; L' = (NC),C = C(CN),, "N=NC6H4F-4;(i) RNSO, L;(u) PfORlj-.dii) 
+ L', -RNSO; (iv) +CNR' - L; (v) +L, -CO. 


furane, the diiron tetrahedrane complex (41) is obtained in low yield (ca. 
1%) (60) while PhNHNSO provides PhSH and (42) (6/). 

The most convenient approach to iminooxosulfurane complexes of ru¬ 
thenium and osmium involves the use of tris(triphenylphosphine) com¬ 
plexes. One phosphine is typically labile due to steric pressures and is 
readily replaced by aryliminooxosulfuranes, which have more modest 
steric requirements. Thus reaction of [Ru(CO)(L)(PPh 3 ) 3 ] (L = CO, 
CN(r-Bu), CNC6H3Me2-2,6) or (11) with aryl or tosyl iminooxosulfuranes 
leads to rapid and smooth replacement of one phosphine and formation 
of the complexes [Ru(T?2-OSNR)(CO)(L)(PPh3)2] and (8) (27,52-54). The 
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Scheme 20 . Cothermolysis of iron carbonyls and iminooxosulfuranes. (i) Ph-NSO; 
(ii) PhNHNSO. 


ethene complex [OsCl(NO)(PPh 3 ) 2 (T 9 -C 2 H 4 )] (43) also serves as a useful 
precursor for simple aryiiminooxosulfuranes; however, an interesting 
complication arises for tosyl iminooxosulfurane (Section V,C,3). This 
approach may also be extended to divalent complexes of ruthenium and 
osmium by employing the complexes [MCl 2 (PPh 3 ) 3 ] (M = Ru, Os) (55). 
While the zero-valent complexes all adopt the 7 r(N,S) coordination mode, 
the divalent complexes [M(o--OSNAr)Cl 2 (PPh 3 ) 2 ] (39) assume the o-(S)- 
trigonal geometry. Notably, this mode of coordination has no obvious 
way to stabilize the coordinative unsaturation at the metal center. 

b. Rhodium and iridium The first correct report of the isolation of 
an iminooxosulfurane complex was that described by Blake and Reynolds 
(51) in a reinvestigation of earlier work. It had been reported (62) that 
Vaska’s complex [IrCl(CO)(PPh 3 ) 2 ] reacted with Ph-NSO to provide ani¬ 
line and [IrCl(C 0 )(PPh 3 ) 2 (S 02 )]; however, this was subsequently shown 
to be the result of hydrolysis of the free iminooxosulfurane by adventitous 
moisture. With the careful exclusion of water, no complex is formed 
between [IrX(CO)(PPh 3 ) 2 ] (X = Cl, Br) and Ph-NSO. If an iminooxosulfur¬ 
ane bearing an electron-withdrawing aryl substituent (OSNC 6 H 4 NO 2 - 4 ) is 
employed then an adduct may be isolated. This is nevertheless prone to 
dissociation upon washing with ether. The corresponding tosyliminooxo- 
sulfurane complex (4a) is stable with respect to dissociation; however, it 
is very readily hydrolyzed to the SO 2 adduct and tosyl amide (27). In both 
the above cases, spectroscopic data (IR, ^‘P NMR) are consistent with a 
o-(S)-pyramidal mode of coordination, analogous to the SO 2 coordination 
in [IrCl(C 0 )(PPh 3 ) 2 (S 02 )] (63). The rhodium analog (38) may be prepared 
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in a similar manner or by treating [RhCl(PPh 3 ) 3 ] with 0SNS02QH4Me-4 
[to provide (37)] followed by carbon monoxide (55). The more electron- 
rich analog of Vaska’s complex [IrCl(CN-r-Bu)(PPh 3 ) 2 ] reacts irreversibly 
with tosyl-NSO to provide a 1: 1 adduct (36); however, in this case the 
sulfur cumulene binds in the 7r(N,S) manner consistent with the increase 
in metal basicity (55). 

Vrieze and co-workers have investigated the interaction of arylimino- 
oxosulfuranes with the complexes derived from addition of bulky phos¬ 
phines to [M 2 (At“Cl) 2 (coe) 4 ] (M = Rh, Ir; coe = cyclooctene) (26) (58). 
The coordinatively unsaturated complexes [MCl(PR 3 ) 2 (OSNAr)] (44) (R = 
/-Pr, Cy) feature the o-(S)-trigonal coordination mode of the sulfur cumu¬ 
lene except for the phenyl derivative that appears to exist in an equilibrium 
between o-(S)-trigonal and 7r(N,S) isomers. It is not clear why this should 
be the case since neither electron withdrawing (Cl) nor releasing (CH3) 
pora-substituents on the aryl group lead to observable amounts of the 
7r(N,S) isomer, thereby apparently excluding electronic factors. The irid¬ 
ium complexes [IrCl(PR3)2(OSNC^H4X-4)] (44) (X = Cl, Me) undergo 
an interesting orthometallation reaction of the aryl group to provide a 
metallacyclic derivative (45) in which the NSO linkage remains intact 
(Scheme 21). 

One complex of iridium [Ir(N0)(PPh3)2(0SNS02C6H4Me-4)] has 
been prepared by the reaction of 0SNS02C6H4Me-4 (46) with 
[Ir(NO)(PPh 3 ) 3 ] and as expected for the electron-rich Ir(—I) center, a 
7r(N,S) mode of coordination is adopted (55). 

c. Nickel and platinum The ^y'^-electron-rich metal ligand fragments 
M(PPh 3)2 coordinate tosyl and aryl iminooxosulfuranes irreversibly in 


coe^ ri ^coe 

1 \ / \ / 

V 2 Jr ^Ir 
/ \ / \ 
coe Cl coe 


(26) 


lil 



Scheme 21 . Orthometallation of iminooxosulfurane complexes of iridium(I). L = PCy3, 
P-Z-Pr^; coe = cyclooctene. (i) 2.0 L, OSNC6H4Me-4. 
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(Pt(PPh3)2L] --► V \ 

R ( 47 ) 

Scheme 22. Itninooxosulfurane complexes of platiniim(O). L = PPhj, C 2 H 4 . R = Ph, 
C^HjMe,. C„H4Me-4. S02C6H4Me-4. 


the 7 t(N,S) mode (Scheme 22) (51,55,65) and one such complex 
[Pt(PPh3)2(OSNC6H2Me3-2,4,6)] (47a) has been the subject of a crystallo¬ 
graphic study (vide infra). 

3. Structural and Spectroscopic Studies 

Three iminooxosulfurane complexes have been the investigated crys- 
tallographically and the results obtained support the analogy with sul¬ 
fur dioxide coordination. The electron-rich complexes [OsCl(NO) 
(PPh3)2(OSNC*H4Me-4)] (8b) (56) and [Pt(PPh3)2(OSNC6H2Me3-2,4,6)] 
(47a) (65) both feature the 7 t(S,N) mode of coordination as is also the 
case for the related sulfur dioxide complexes. Substantial lengthening 
(5.9%) of the N=S multiple bond occurs relative to that observed for the 
free molecules (Fig. 7), consistent with the operation of a pseudo-olefinic 
synergic bonding mechanism. In contrast the rhodium complex [RhCl 
(P-i-Pr3)2(OSNCftH4Me-4)l (48a) (65) features the o-(S)-trigonal mode of 
coordination. Consistent with the primary interaction being one of <t dona- 
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Structural data for free and complexed iminooxosulfuranes. L == PPh 3 , L' = PPr, 
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tion there are no substantial changes in the structural parameters associ¬ 
ated with the sulfur(IV) cumulene upon coordination. 


B. Reactions of Coordinated Iminooxosulfuranes 

1. Ligand Substitution Reactions 

Manning has described an extensive series of iron(O) complexes of 
iminooxosulfuranes that derive from the complexes (40) by substitution of 
the coligands (57). With phosphites [P(OR") 3 : R" = Me, Et, /-Pr, (OR ")3 = 
(OCH 2 ) 3 CMe] either one or both phosphine ligands are replaced to provide 
[Fe( 7 ? 20 SNR)(CO) 2 (PPh 3 ),{P(OR") 3 } 2 -J {n = 1 (48), 0 (49)] depending on 
the reaction time. With isonitriles [CNR': R' = Me, Et, C 5 H 1 ,, CH^Ph] the 
ultimate products involve replacement of one carbonyl ligand to provide 
[Fe(T 7 ‘-OSNR)(CO)(CNR')(PPh 3 ) 2 ] (50); however, there is spectroscopic 
evidence to suggest that one phosphine ligand is initially replaced and 
in a second, slower process liberated phosphine substitutes one car¬ 
bonyl. This is supported by the observation that carrying out the reac¬ 
tion in the presence of a Kl/CuCb mixture (to trap PPh 3 ) allows the iso¬ 
lation of the kinetic substitution product formulated as [Fe(T 7 ^-OSNR) 
(CO) 2 (CNR')(PPh 3 )] (51). These results add weight to the description of 
7 r(N,S)-bound iminooxosulfuranes as strong tt acceptors. The reagents 
[N 2 C 6 H 4 F- 4 ]BF 4 and tetracyanoethene lead to replacement of the iminoox- 
osulfurane and formation of [Fe(CO) 2 (L')(PPh 3 ) 2 ] [L' = N 2 C 5 H 4 F- 4 ^, 
(NC) 2 C = C(CN) 2 ]. The iminooxosulfurane is also lost from the coordina¬ 
tion sphere when the complexes are treated with carbon disulfide; 
however, the only isolated complex in the complicated reaction is 
[Fe(CO) 3 (PPh 3 ) 2 ]. These transformations (57) are summarized in 
Scheme 19. 

The rhodium complexes [RhCl(T 7 --OSNR)(P-/-Pr 3 ) 2 ] (R = aryl) (49) react 
with carbon monoxide via dissociation of the iminooxosulfurane to provide 
[RhCl(CO)(P-/-Pr 3 ) 2 ] (58). This reaction presumably proceeds via an asso¬ 
ciative pathway since (37) reacts with carbon monoxide to provide the 
coordinatively saturated complex (38) (55). While the highly electrophilic 
(46) is not lost from the coordination sphere, an unusual change in coordi¬ 
nation mode from 7 r(N,S) to criS) pyramidal accompanies the CO addition, 

2. Fragmentation 

In a study primarily concerned with the reactions of iron carbonyls with 
sulfur diimides, it was found that under thermal conditions, [Fe(CO) 5 ] 
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reacted with OSNPh to provide (41) (60,61) in 1% yield (Scheme 20). 
Iminooxosulfuranes are, however, in general much less prone to transi- 
tion-metal-mediated fragmentation than the corresponding sulfur diimides 
(Section VI,B). 

3. Hydrolysis and Reactions with Nucleophiles 

The sensitivity of iminooxosulfuranes toward hydrolysis is preserved 
in their complexes; however, this is considerably modified depending on 
the mode of coordination. Thus for example the cr(S)-pyramidal complexes 
(4a) and (38) are very rapidly hydrolyzed by moist air. Complexes bearing 
the iminooxosulfurane in the o'(S)-trigonal mode of coordination appear 
slightly less moisture sensitive, while 7r(N,S)-coordinated complexes are 
much less reactive toward water, consistent with the substantial retroda- 
tive transfer of metal electron density to the cumulene (Scheme 23). In 
all cases the product of anaerobic hydrolysis is the corresponding sulfur 
dioxide complex. If the sulfur dioxide complex is easily oxidized then the 
corresponding sulfato-0,0' complex is obtained under aerobic conditions. 
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Scheme 23. Hydrolysis of coordinated iminooxosulfuranes. L = PPh^, R = 
S02C6H4Me-4. (i) +H2O, -H.NR. 
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The assumption that the hydrolysis involves nucleophilic attack at coor¬ 
dinated sulfur is intriguing in that it suggests the possibility of preparing 
more exotic ligands within the transition metal coordination sphere by 
viewing [L„M(OSNR)] as being synthetically equivalent to [L„M(SO)]^^. 
This possibility has yet to be explored in any detail; however, results 
obtained with H^S and SH" (Section are promising. The possibility 
that hydrolysis occurs after dissociation of the iminooxosulfurane and 
that the SO 2 thus formed formed recoordinates cannot be excluded. The 
good yields of (5) obtained from the reaction of (4a) with H 2 S (Scheme 
7) would, however, appear to preclude this given the solution instability 
of disulfur monoxide. In cases where the iminooxosulfurane is bound in 
the 7r(N,S) mode, this is particularly unlikely, given that this coordination 
mode is typically irreversible. The synthetic scope of this reaction is 
considerable, given the large number of dibasic nucleophiles that could 
replace H 2 O or H 2 S; however, this has yet to be investigated. 

4. Oxidation 

The reaction of sulfur dioxide complexes with oxygen leads to the 
corresponding sulfato-0,0' complex (2). The analogous reaction of imi¬ 
nooxosulfurane complexes should provide iminosulfato-complexes; how¬ 
ever, this has not yet been established although it has been claimed. Thus 
an early investigation of the reaction of [Pt(T 7 ^- 02 )(PPh 3 ) 2 l with iminooxo- 
sulfuranes claimed the formation of iminosulfate-N,0 complexes 
[Pt(S 03 NR)(PPh 3 ) 2 ] (66); however, it was later pointed out that the spectro¬ 
scopic data for this complex were identical to the sulfato-0,0' complex 
[Pt(S 04 )(PPh 3 ) 2 ] (57). Reaction of [IrCI(C0)(PPh3)2(0SNS02QH4Me-4)] 
with air provides [IrCl(S 04 )(C 0 )(PPh 3 ) 2 ] and while the hydrolysis of an 
intermediate iminosulfate complex [IrCI(S 03 NS 02 C 6 H 4 Me- 4 )(C 0 )(PPh 3 ) 2 ] 
by adventitious water is plausible, no such intermediate has been isolated 
and it is more likely that oxidation of the ligand occurs subsequent to the 
(rapid) hydrolysis, which provides [IrCl(C 0 )(PPh 3 ) 2 (S 02 )] as an interme¬ 
diate. 

5. Reactions with Electrophiles 

Free iminooxosulfuranes typically react with electrophiles at the nitro¬ 
gen atom; indeed this feature has been employed to enhance the dienophi- 
lic reactivity by alkylation (67). Prior coordination to a transition metal 
alters the site of electrophilic attack. Thus treatment of [Ru(CO) 
(CNC6H3Me2-2,6)(PPh3)2(OSNQH4Me-4)] (52) with BF 30 Et 2 or Me 3 
Si 0 S 02 CF 3 leads to electrophilic attack at the exocyclic oxygen atom 
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(68). Notably this is also the site of electrophilic attack at coordinated 
disulfur monoxide (Section and sulfur dioxide (2) in related com¬ 
plexes. These reactions may be reversed by acetone or CsF, respectively. 
Alkylation also leads to attack at oxygen; however, this is not reversible. 
The reaction takes a different course with Brpnstead acids. Acids with 
potentially coordinating conjugate bases lead to complete clevage from 
the metal. Thus [Ru(CO) 2 (PPh 3 ) 2 (OSNC 6 H 4 Me- 4 )] with HCl or tn- 
CIQH 4 CO 3 H provide [RuX 2 (CO) 2 (PPh 3 ) 2 ] (X = Cl, CIC 6 H 4 CO 2 ). The use 
of acids with noncoordinating conjugate bases [HBF 4 , HSbF^, HPF^] 
allows the isolation of the initial protonation products. Protonation occurs 
at the nitrogen atom followed by a rearrangement to provide a hemilabile 
sulfinamidato-5,0 ligand (53). This protonation is reversed by treatment 
with DBU or KOH/MeOH; however, weaker, nucleophilic bases SCN“ 
and CN’Bu open the bidentate coordination to provide monodentate 
sulfinamidato-5 derivatives (54). The more nucleophilic dialkyldithio- 
carbamate anion leads to displacement of the sulfenamide ligand 
(Scheme 24). 
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Scheme 24. Electrophilic attack at coor(Jinated iminooxosulfuranes. L„M = 
[Osa(NO)(PPh3)2], [Ru(CO)2(PPh3)2], [Ru(CO){CNR')(PPh3)2] (R' = r-Bu, CNC6H3Me2-2,6); 

= BF3 (OEt.K Me3Si' (F3CSO3-), CH3" (F3CSO3-), EtMFS03-); L = SCN” (K^), CN- 
/-Bu; DBU = l.8-(Jiazabicyclo[5.4.0]un(Jec-7-ene. 
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It should be noted that the limited studies of electrophilic attack have 
centered, quite reasonably, on complexes in which the iminooxosulfurane 
binds in the 7r(N,S) mode. It is in this geometry that most electron density 
is transferred from the metal to the heterocumulene consistent with it 
being found for electron-rich complexes. The less basic nature of iron 
relative to ruthenium is illustrated by the failure of the analogous iron 
complexes (40) or (50) to react with even the potent methylating agent 
Me0S02F (57). Diazonium salts, e.g., [NNC5H4F-4]BF4, lead to substitu¬ 
tion of the iminooxosulfurane ligand. This is presumably due to initial 
attack at the metal, formation of the salts [Fe(T 7 “-OSNAr)(CO)(L)(PPh 3)2 
(NNQH4F-4)]BF4 , and subsequent dissociation of the iminooxosulfurane 
from the now electronically depleted metal center. The cleavage of ArNSO 
by treatment with acetic acid (57) would appear to proceed by the same 
multistep hydrogenation of the N=S bond discussed above for the reac¬ 
tions of ruthenium(O) complexes with Br0nstead acids (65). 


C. Reactions of Iminooxosulfuranes with Coordinated Ligands 

The previously discussed organometallic complexes of iminooxosulfur¬ 
anes were all prepared by reacting the free ligand with a suitable coordina- 
tively unsaturated complex. If the complex employed is coordinatively 
saturated and substitution inert, ligand-based reactions may be observed. 
In these reactions the iminooxosulfurane appears to act primarily as an 
electrophile and accordingly most work has been concerned with the 
extremely electrophilic derivative 0SNS02C5H4Me-4 (46). 

1. Hydrides 

The interaction of metal hydrides with sulfur(IV) heterocumulenes is 
of interest because of the possible relevance to metal-mediated SO 2 reduc¬ 
tion. Thus the reaction of [WH(CO)3(7j-C5Me5)] (55) with SO 2 to initially 
provide [W{S(=0)0H}(C0)3(7j-C5Mes)] (56) {69 JO) finds analogy in the 
reaction of [WH(CO)3(7j-C5H5)] (57) with OSNQH 4 Me (Scheme 25) to 
provide the monohapto-sulfinamidato-5 complex [W{S(0)(NHC6H4Me-4)} 
(C0)3(7?-C,H3)] (58) {71). 

The two-step mechanism proposed for this insertion reaction involves 
initial transfer of a proton from the Brdnstead-acidic tungsten center to 
provide an ion pair [W(CO)3(7j-C5H5)]“ [OSNHR]^. This subsequently 
collapses via nucleophilic attack at sulfur by the organometallic anion. 
This is supported by the failure of the weaker Br0nstead acids (55) and 
[WH(CO)2(PMe3)7j-C5H5)] to react with OSNC5H4Me-4. This synthetic 
approach to sulfenamidato-5 complexes compliments the protonation of 
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Scheme 25 . Hydrotungstenation of sulfur dioxide and iminooxosulfuranes. R = C6H4Me- 
4 , C 6 H 4 Me- 2 . 


electron-rich iminooxosulfurane complexes to provide (54) and (55) dis¬ 
cussed above. 

2. cr-Organyls 

Wojcicki has extensively investigated the reactions of a variety of metal 
alkyls with iminooxosulfuranes (72-74) and found that a mechanism analo¬ 
gous to that established for the related insertions of sulfur dioxide operates 
(5). Only iminooxosulfuranes with strongly electron-withdrawing substitu¬ 
ents enter into reactions with metal alkyls [e.g., (46)]. A wide range 
of coordinatively unsaturated cr-alkyl and cr-aryl complexes have been 
investigated and the final products typically contain (imino)alkyl- 
sulfinato-5 ligands (59), although under favorable conditions, the kinetic 
products of insertion viz. alkylsulfinamido-A derivatives (60) may be iso¬ 
lated and subsequently converted thermally to the (imino)alkylsulfinato 
isomers. Both the kinetic and thermodynamic isomers may be trapped by 
reaction with suitable electrophiles (HOEt^, Et 30 ^). These transforma¬ 
tions are summarized in Scheme 26, which illustrates the exemplary results 
obtained for the complex [FeCH 3 (CO) 2 (T 7 -C 5 H 5 )] (61) (72-74). 

The reactions of cr-propargyl (62) and cyclopropyl (63) complexes take a 
different course, with the a carbon not being the site of initial electrophilic 
attack (75-77). The final products feature thiazacyclopenteny 1-5-oxide 
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Scheme 26 . The insertion of iminooxosulfuranes into transition metal alkyl bonds. Fp = 
[Fe(CO)2(r)-C5H5)], R = SO.Me. (i) R-NSO; (ii) [HOEt2]BF4; (iii) [Et30]BF4. 


(64) and thiazacyclopentyl-i’-oxide (65) ligands (Scheme 27). The complex 
(64) also results from the reaction of OSNSO 2 CH 3 with the monohapto 
allyl complex [FQ{iq^-CU2C¥{=C}i2){CO)2{7]-C^¥{^)]. These reactions have 
parallels in the chemistry of sulfur dioxide. 

The reagent complexes studied by Wojcicki (72-77) involved coordina- 
tively saturated metal centers and accordingly the ligands produced could, 
under mild conditions, only occupy one coordination site. If the coordina- 
tively unsaturated (r-tolyl complexes [M(C 6 H 4 Me- 4 )Cl(CO)(PPh 3 ) 2 ] (M = 
Ru, Os) are treated with (46), compounds (67) having weakly bidentate 
N"(tosyl)toluenesulfinimidato-^ ligands are obtained (78). In the absence 
of structural studies the mode of coordination remains equivocal; how¬ 
ever, the spectroscopic (IR) data associated with the ligand suggest that 
it is coordinated through nitrogen and sulfur. Subsequent reaction of the 
complexes with CO or CNC 6 H 3 Me 2 - 2,6 leads to rapid formation of adducts 
( 68 ), the infrared data for which are consistent with those reported by 
Wojcicki for monodentate (imino)alkylsulfinate-5' complexes (Scheme 28). 
Despite the possibility of iminooxosulfurane coordination to the 16 valence 
electron centers prior to insertion, it is not clear that this occurs. First, 
no reaction (either coordination or insertion) is observed for more electron- 
rich iminooxosulfuranes (R-NSO; R = tolyl, ferrocenyl) although increas- 
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Scheme 27. Reactions of iminooxosulfuranes with C-functionalized cr-alkyl complexes. 
Fp = [Fe(CO).(7]-C5H5)], R = SO.Me. 



Scheme 28 . Reactions of coordinatively unsaturated o*-aryl complexes with iminooxo¬ 
sulfuranes. L = PPh3, M = Os, Ru; R = C6H4Me-4. (i) RSO. NSO; (ii) CNQH3Me2-2,6; 
(iii) SO2. 
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ing the donor ability of the NSO cumulene would be expected to favor 
coordination to ruthenium(II). Second, coordination of SO 2 to these com¬ 
plexes is known to occur trans to the cr-aryl ligand (79) precluding a direct 
migratory-insertion mechanism. Thus, if prior coordination occurs, this 
does not circumvent the electrophilicity requirements of the insertion 
process. No reaction is observed between (46) and the related coordina- 
tively saturated complexes [M(QH 5 )Cl(CO)^(PPh 3 ) 2 ](M = Ru, Os), 
[Ru(C,H,)CI(CO)(CNC,H 3 Me 2 - 2 , 6 )(PPh 3 ),], [Ir(CH 0 I(NO)(PPh 3 ),], and 
[Ru(CF3)Cl(CO)2(PPh3)2] (75). 

3 . TT’Coordinated Ligands 

a. Ethene The osmium ethene complex (43) reacts with simple imi- 
nooxosulfuranes via alkene displacement to provide the 7 r(S,N) adducts 
( 8 ) (56,75). A similar result is obtained for (46) if the reaction is carried 
out under high dilution to provide ( 8 a) (27). If the reaction is carried out 
in toluene suspension a different process ensues. The final product is a 
metallacycle (70) derived from the coupling of the ethene ligand and the 
S=0 bond of the R-NSO cumulene (Scheme 29) (50). 

This result is somewhat surprising in that the organic chemistry of 
iminooxosulfuranes is dominated by the preferential disruption of the 
S=N multiple bond rather than the sulfoxide group ( 6 ). The product 
formation may be explained by considering the olefin complex as a (cr,cr'- 
1 , 2 -diyl) that undergoes conventional insertion of the iminooxosulfurane 
at one of the Os—C bonds. The accepted mechanism for this process 
(Section V,C,2) would produce a zwitterionic intermediate in which the 
cationic osmium center is coordinatively unsaturated. Intramolecular col¬ 
lapse of the ion pair (71) could occur with either Os—O or Os—N bond 
formation and the former would be favored on steric grounds. The alterna¬ 
tive mechanism involving prior coordination of the iminooxosulfurane to 
the osmium center (facilitated by nitrosyl bending) appears unlikely be¬ 
cause (46) typically binds to zerovalent group 8 metal centers in the 7 r(N,S) 
mode and the resulting metallacycle would therefore include the S—N 
bond and not the S—bond of the original iminooxosulfurane. 

b. Allene The allene complex [OsCl(NO)(i 7 ^-CH 2 CCH 2 )(PPh 3 ) 2 ] (72) 
(57,52) has two chemically distinct Os—C bonds and in the reaction with 
(46) it is the alkyl rather than the vinylic bond into which the iminooxosul¬ 
furane cumulene inserts to provide (73a) rather than (73b) (55). As in the 
case of the related ethene complex (vide supra) it is the sulfoxide and not 
the sulfimine group that ultimately becomes incorporated in the resulting 
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Scheme 29 . Coupling vs substitution reactions of an iminooxosulfurane with an ethylene 
complex of osmium. L = PPh3, R = S02C6H4Me-4; (i) +C2H4, -L; (ii) -t-RNSO, -L; (iii) 
RNSO, toluene suspension; (iv) thf, reflux; (v) C2H4. 


metallacycle (73a) (Scheme 30). The assumption that the reaction presum¬ 
ably proceeds by a similar mechanism to that discussed above for the 
ethene complex is supported by the observation that less electrophilic 
iminooxosulfuranes (RNSO; R = QH4Me-2, C6H4Me-4) fail to react. The 
complex (73a) protonates reversibly (HBF4) at the exocyclic sulfimine 
nitrogen to provide (74). 

c. Alkynes The osmium alkyne complexes [OsC1(NO)(t 7- 
R(r^CR)(PPh 3)2 (75) react differently with (46) depending on the nature 
of the alkyne substituents (5i); The but-2-yne complex reacts by simple 
substitution to provide (8a) (Scheme 31). The more strongly bound per- 
fluorobut-2-yne complex fails to react and the aryl alkyne derivatives 
[OsCl(NO)(T 7 ^-Ph(r^CR)(PPh 3 ) 2 ] (R = H, Ph) react in an analogous man¬ 
ner to the allene and ethene complexes to provide unsaturated metalla- 
cycles (76). In the case of the ethynyl benzene complex the metallacycle 
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Scheme 30. Coupling of R-NSO with coordinated allene. R = S02C6H4Me-4, L = PPh3. 
(i) RNSO; (ii) HPF^ or HBF4 ; (iii) base or alumina. 


formation is regiospecific, exclusively providing the a-phenyl derivative. 
This is perhaps a reflection of the increased accessibility of the unsubsti¬ 
tuted alkyne carbon toward external electrophiles. As with the allene 
derivative, protonation occurs reversibly at the exocyclic sulfimine nitro¬ 
gen to provide (77). 
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Scheme 31. Coupling of R-NSO with coordinated alkynes. R = S02Cf,H4Me-4, L = 
PPh^. (i) RNSO R' = R" = CH3; (ii) RNSO R' = Ph, R" = H, Ph; (hi) HPF^ or HBF 4 ; (iv) 
base or alumina. 
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4. Metal—Carbon and Metal-Oxygen Multiple Bonds 

a. Alkylidenes By analogy with the results obtained by Roper and 
Wright for sulfur dioxide {84), the osmium methylene complex 
[OsCI(=CH 2 )(NO(PPh 3 ) 2 ] (17a) {44) reacts smoothly with (46) to provide 
a four-membered osmacycle (78a) resulting from formal coupling of the 
Os=C and S=0 double bonds (Scheme 32) {85,86). A similar product 
(78b) results from the successive treatment of (43) or (11) with ethyl 2- 
diazoethanoate and (46), via the in situ generated alkylidene complex 
[0sCI(N0)(=CHC02Et)((PPh3)2] (17b). Once again it is the sulfoxide and 


[OsCKNOXPPhjlj] 
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Scheme 32. Coupling of R-NSO with alkylidene osmium complexes. R = S02CjH4Me- 
4, L = PPhj, R' = H, CO,Et. (i) CHR'N,, -L, -N,; (ii) SO,; (iii) RNSO; (iv) -Ph,PO. 
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not the sulfimine component of the NSO cumulene that is ultimately 
involved. Consistent with an electrophilic role for the iminooxosulfurane, 
no reaction is observed with simple aryliminooxosulfuranes. The four- 
membered metallacycle may be viewed as a transition metal analog of 
the likely intermediate (79) in the conversion of iminooxosulfuranes to 
alkylidene-iminosulfuranes by a pseudo-Wittig reaction with phosphorane 
ylides (Scheme 32) (87), 

b. Alkylidynes The alkylidyne complexes [M(=CR')CI(CO)(PPh 3 ):>] 

[M = Ru, Os; R' - C6H4Me-4] (81.82,88) react with both ( 46 ) and 

simple aryliminooxosulfuranes, R-NSO, to provide the metallacycload- 
ducts [M {CR'-OS(NR)}CI(CO)(PPh 3 ) 2 ] ( 81 ) (Scheme 33) (85), There re¬ 
mains some doubt as to the orientation of addition, as in the case of sulfur 
dioxide, which provides adducts ( 82 ) (82,88). The adducts ( 81 ) and ( 82 ) 
are not thermally stable, readily decomposing to the corresponding aryl(di- 
carbonyl) complexes [MRCl(CO) 2 PPh 3 ) 2 ] ( 83 ). While this decomposition 
precludes crystallographic verification of the orientation of cycloaddition, 
the nature of the products suggests a M-C-0 linkage in the metallacycles 
( 81 ) and ( 82 ) (Scheme 33). The alternative geometries of addition should 
lead on thermolysis to either the thiobenzoyl-5-oxide complex ( 31 ) (Sec¬ 
tion IV,D) or the iminoacyl complex [Ru{C(NR)R'}Cl(CO)(PPh 3 ) 2 ] (89). 
both of which have been prepared independently and are indefinitely 
stable. The implication of the thermolytic decomposition of the metalla¬ 
cycle is that an intermediate complex [M{C(=0)R'}CI(SNR)(C0)(PPh3)2] 
forms which subsequently loses the thionitrosoarene S=NR. Complexes 
of the form [MR'Cl(SNR)(CO)(PPh 3 ) 2 ] (M = Os, Ru; R' = C^H4Me-4) 
have been isolated (90) and crystallographically characterized (91). how¬ 
ever, only for R = NMe 2 . In these complexes the thionitrosoamine is 
readily displaced by tt acids, e.g., CO and isonitriles. Thionitroso-dimeth- 
ylamine, Me 2 N-N=S, is independently stable; however, simple hydrocar- 
byl thionitroso-compounds rapidly disproportionate in the free state to 
provide sulfur diimides and elemental sulfur. If sulfur diimides are pro¬ 
duced in the decomposition of the metallacycles, these do not react with 
the resulting coordinatively saturated organometallic products as shown 
in independent experiments. 

c. Carbonyls The thermolytic reactions of [Fe(CO) 5 ] with iminooxo¬ 
sulfuranes lead to low yields of organometallic products (Section V,B,2). 
If the reaction is carried out in the presence of diphenylcyclopropenone, 
the organic product of the thermolysis is dependent upon the nature of 
the imino-substituerit (92). With cyclohexyliminooxosulfurane an isothia- 
zolone (85) is obtained; however, with phenyliminooxosulfurane a pyrro- 
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Scheme 33. Coupling of iminooxosulfuranes with alkylidyne complexes of ruthenium 
and osmium. M = Ru, Os, L = PPhj, R = S02C6H4Me-4, C6H4Me-4, CfiH4Me-2; R' = 
C6H4Me-4, Ph. (i) RNSO; (ii) SO,; (iii) -S = NR"; (iv) -"SO". 


line-2,5-dione (86) is obtained (Scheme 34). Similar results were obtained 
with [Ni(CO) 4 ]. Aryliminooxosulfuranes may be condensed with aryl iso¬ 
cyanates in the presence of cobalt carbonyl to provide sulfur-free heterocy¬ 
cles (95). 

d. Oxides In a reaction reminiscent of olefin metathesis, the rhenium 
oxide complex [Re(=0)Cl3(PPh3)2] reacts with iminooxosulfuranes, R - 
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Scheme 34. Metal-carbonyl-mediated heterocycle syntheses. R = QH 5 , C^Hit. (i) 
[FelCOy; (ii) [Ni(CO) 4 ]; (iii) [Co.iCO),]. 


NSO, to provide sulfur dioxide and the corresponding imido-complex 
[Re(=NR)Cl 3 (PPh 3 ) 2 ] (94,95) presumably via a four-membered metalla- 
cycle (Scheme 35). This type of reaction offers intriguing possibilities for 
the development of sulfur diimide metathesis catalysts. 

Clearly the preceding results indicate that there is a rich coordination 
and organometallic chemistry for iminooxosulfuranes and it is sobering 
to reflect that this area of chemistry was theoretically, if somewhat prema¬ 
turely, “written off” with the prediction “It may be concluded that 
PhNSO is unlikely to function generally as a ligand” (96). 
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Scheme 35. Oxo-imido-metathesis of iminooxosulfuranes. L„M = ReCIjfPPh,);, R = 
CMe,. 
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VI 

SULFUR DIIMIDES (DIIMINO-A^-SULFURANES) 

In contrast to sulfur dioxide and iminooxosulfuranes, sulfur diimides 
are much more prone to fragmentation of the sulfur(IV) cumulene and this 
feature has dominated the organometallic chemistry of these compounds. 
Such fragmentations have been employed to produce sulfido-, imido-, and 
thionitroso-Iigands and are dealt with separately (Section VI,B,I). 

A. Simple Coordination Complexes 

Under mild conditions with suitable coordinatively unsaturated metal 
complexes, sulfur diimides may coordinate without rupture of the 
—N=S=N— moiety. These reactions may most conveniently be catego¬ 
rized according to the mode of coordination. This may be (i) through the 
NSN cumulene (97-108) or (ii) through donor functionalities built into 
the iminosubstituents and these are dealt with separately. 

1. Coordination through the NSN Cumulene 

Four modes of coordination have been identified or invoked as interme¬ 
diates in fluxional processes. These are illustrated in Fig. 8, The factors 

A 

LnM-N N—R 

R 

o(S)-trlgonal o(N)-trlgonal 


R—N N—R 

\ / 

ML„.i 

;i:(N,S) o,o*(N,N’) 

Fig. 8. Coordination modes for sulfur diimides. 
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dictating the mode of coordination adopted include the nature of the imino- 
substituent (steric and electronic properties) and the nature of the metal 
center (oxidation state, frontier orbital symmetry, degree of coordinative 
saturation, HSAB character). While the range of sulfur diimide complexes 
is far smaller than for iminooxosulfuranes, a similar dependence on these 
factors is beginning to emerge. 

There is evidence that interconversion between the various modes of 
coordination can be facile and may be important in fluxional processes. 
Thus, for example, the room-temperature NMR spectrum of the com¬ 
plex [W(CO) 5 {S(=NMe) 2 }] (87a) shows chemically equivalent methyl 
groups, which have been interpreted as resulting from a rapid migration 
of the W(CO )5 along the NSN cumulene between the two nitrogen donors. 
In the ground state, the tungsten center binds to just one of the nitrogen 
donors (Scheme 36) {102). The migration is presumed to involve 7r(N,S) 
coordination. The corresponding di(tert-butyl)sulfur diimide complex 
(87b) readily loses CO resulting in a bidentate metallacyclic coordination 
[cr,cr'(N,N')] (88) {102,105). This type of coordination is also observed 
for the main-group metal halide adduct [SnCl 4 {S(=N-/-Bu) 2 }] (706). The 
hydrolytic sensitivity of free sulfur diimides is retained in the o-(N)-trigonal 
mode of coordination and the tungsten complexes are readily hydrolyzed 
to the corresponding primary amine derivatives (89). This enhanced hy- 
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Scheme 36. Sulfur diimide complexes of tungsten(O). R = Me, CMe3. (i) S( = NR)2; (ii) 
-CO; (iii) +H2O, -SO,, -RNH,. 



204 


ANTHONY HILL 


drolytic sensitivity is consistent with this mode of coordination involving 
a primarily cr-donor interaction. 

The effect of metal basicity upon coordination mode is well illustrated 
by the di- and zero-valent platinum complexes [PtCl 2 (PPh 3 ){S(=NR) 2 }] 
(R = alkyl, aryl) (90) ( 107 ) and [Pt(PPh 3 ) 2 (i 7 ^-RNSNR)] (R = QH 4 Me- 4 , 
C 6 H 4 CI- 4 ) (91) ( 97 , 98 ), where, as in the case of iminooxosulfuranes, an 
increase in metal electron density favors the adoption of 7 r(N,S) or pseudo- 
olefinic coordination. The latter complexes (91) are, however, not stable 
at ambient temperatures and rearrange with N-S bond cleavage to provide 
metallacyclic derivatives (92) (Scheme 37). 

2. Coordination through the Imino Substituent 

The interaction of sulfur diimides bearing pnicogeno-substituents with 
metal carbonyls has received considerable attention in recent times, pri¬ 
marily from the groups of Herberhold and Chivers. In general, phosphino- 
sulfur diimides are more prone to coordinative fragmentation under mild 
conditions than the corresponding arsino-derivatives. Thus (93) reacts 
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Scheme 37. Sulfur diimide complexes of platinum. X = Cl, Br, I; R = Me, El, /-Pr, t- 


Bu; L = PEtj, AsElj, SbEl 3 , PPh,, AsPhj, PPhMej, SPr^, SeEtj, TeEt,; L' = PPhj; R' = 
C6H4Me“4, C 6 H 4 CI- 4 . (i) S(=NR) 2 ; (ii) S(=NR') 2 , -C 2 H 4 , <0®C; (iii) room temperature. 
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with [Os 3 (CO),,(NCMe)] to provide [Os 3 (CO),|{P(NH 2 )-t-Bu 2 }] (109) and 
with [Ru 3 (CO), 2 ] to provide the isocyanato phosphine complex 
[Ru 3 {P(NCO)-t-Bu 2 }(CO)|,] (llO). Analogous treatment with (94) provides 
the arsine-coordinated 1:1 adduct [Os 3 (CO),,{As-t-Bu 2 NSNAs-r-Bu 2 }] 

(95) and the 1:2 adduct [Os 3 (CO),|]As-t-Bu 2 -NSN-t-Bu 2 As[Os 3 (CO)||] 

(96) depending on reagent stoichiometry (111). 

The hexanuclear cluster (96) has the unusual EIE configuration about 
the NSN cumulene, presumably for steric reasons. The free sulfur diimide 
adopts the Z/Z configuration due to a weak interarsenic interaction [3.379 
A] {112)\ however, simple sulfur diimides typically assume the ElZ con¬ 
figuration in the absence of any extenuating effects (6). The assumption 
that steric factors are responsible for the unprecedented EIE arrangement 
in the hexaosmium example is supported by the observation that the 
product of reaction between (93) and [Mn(thf)(CO) 2 (T)-C 5 H 5 )], viz (97), 
shows a severely distorted NSN cumulene (113) (Scheme 38). Similar 
adducts are obtained with the metal carbonyl fragments M(CO)„ (n = 4, 
M = Fe;« = 5, M = Cr, Mo, W) (112b). Under forcing conditions [octane, 
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Scheme 38 , Coordination of pnicogeno-substituted sulfur diimides, R = t-Bu, {OS3} — 
Os3(CO)n, {Mn} = Mn(COMT]-C5H5). (i) [Os^CNCMeKCOinl; (ii) [Mnm){COUr]-C,H,)l 
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125°C] the triosmium complex is converted to the hexaosmium derivative 
(32%) in addition to the aminoarsine complex [Os 3 {As(NH 2 )-t-Bu 2 }(CO),,] 
(18%), which presumably forms via hydrolysis by adventitious moisture. 

While di(tert-butylimino)sulfurane forms a complex with the W(CO )4 
fragment in which coordination is through both nitrogen atoms 
[o-,o-'(N,N')] (102,105) the phosphino-substituted sulfur diimide (93) coor¬ 
dinates either as a bridging (98) (114) or chelating (99) (113) bis(phosphine) 
(Scheme 39). 

A novel bicyclo-derivative (100) results from treating [Os 3 (CO)|, 
(NCMe)] with the cyclic sulfur diimide r-BuAs(NSN) 2 As-t-Bu (101), fol¬ 
lowed by MejNO (Scheme 40) (115). 

The related cyclic diphosphasulfur diimides RP(NSN) 2 PR (R = Ph, N- 
/-Prj) (102) have been shown to coordinate in a similar manner to Cr(CO )5 
fragments; however, in this case the binuclear complexes (103) were 
prepared via an elegant synthetic strategy involving the reactions of 
ICr(PCl 2 R)(CO) 5 ] (104) with [(Me 2 N) 3 S][NSO] (II6a,I16h). The mutual 
disposition of the Cr(CO)j groups (cis or trans with respect to the ring) 
is dependent upon the steric bulk of the phosphorus substituents. In this 
reaction sequence the loss of sulfur dioxide is presumed to be induced by 
bases (in this case the thiazate anion). The base-induced condensation of 



(106) (105) 

Scheme 39. Coordination of pnicogeno-substituted sulfur diimides. M = Cr, Mo, W; 
[M] = M(CO)s. (i) R = r-Bu, [M(C0)4(L)2]; (ii) R = /-Bu, [M(CO)5(thf)]; (iii) R = Ph, 
KjlNSN]; (iv) R = Me, Ph, [SCNMejljUNSO]; (v) KO-t-Bu. 
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Scheme 40 . Coordination of pnicogeno-substituted sulfur diimides, R = r-Bu. (i) 
[Os3(NCMe)(CO)i,]; (ii) Me^NO, -CO., -NMe3. 


iminooxosulfuranes to provide sulfur diimides and sulfur dioxide is a 
classical route to simpler analogs of such compounds ( 6 ). The present 
example relies on a previous observation by Chivers (117,118) that bases 
induce the coupling of [CrfPPhjlNSOlKCO),] (105) to (98) with con¬ 
comitant elimination of SO 2 . The thiazatophosphine complexes 
[M{PR 2 (NS 0 )}(C 0 ) 5 ] [M = Cr, Mo; R = Me, Ph] (105) are readily prepared 
by the reaction of the corresponding chlorophosphine complex 
[Cr(PClR 2 )(CO)j] (106) with potassium thiazate (118). These are cleanly 
converted to the binuclear sulfur diimide compounds S{=NPR 2 [M(CO) 5]}2 
(98) by potassium tert-butoxide (Scheme 39). Such compounds are also 
accessible via (i) the reactions of monochlorophosphine complexes 
[MCPClRjllCO).,] (106) with K 2 [NSN] (116a,H6h.l 19,120) or (ii) the reac¬ 
tion of the free sulfur diimide (93) with complexes bearing labile ligands 
[typically solvent], e.g., [MlthflCCO),] (113,114,121). These transforma¬ 
tions are summarized in Schemes 39 and 41. 

The reactions of dichlorophosphine complexes with K 2 [NSN] do not 
in general lead to diphosphino-cyclic sulfur diimide complexes, but rather 
to mononuclear adducts of PN 2 S 3 heterocycles (107a) (Scheme 42) 
(122,123). 

The heterocyclic arsenic compound [Cr(As-/-BuNSNSNH)(CO) 5 ] 
(109) is obtained from the reaction of [Cr(AsCl 2 -t-Bu)(CO) 5 ] (110) with 
K 2 [NSN]; however, this is only as a minor product, the major product being 
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ICrJ—PCI 2 R R - ‘Bu (104a) 
= n'Ptj (104b) 
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[Cr] 
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'Pr^N""! IlyN'Pr: 

S=N H 

[Cr] 


(Kl^iO (103b) 

Scheme 41. Coordination of pnicogeno>substituted sulfur diimides, [Cr] = Cr(CO) 5 , 
R - /-Bu, N-/-Pr 2 . (i) [S(NMe 2 ) 3 ][NSO]. 


the bimetallic cyclic bis(sulfur diimide) complex [{(OC) 5 Cr}-/-BuAs(NSN) 2 . 
As-/-Bu{Cr(CO) 5 }] (111) (Scheme 43) (124). The antimony-based sulfur di- 
imides f-BuSb(NSN) 2 Sb-f-Bu and S(=NSb-f-Bu 2)2 show coordination 
chemistries similar to those of the arsenic analogs (125,126). 

The related compound [Cr{P(NR 2 )NSNSNR}(CO) 5 ] (R = SiMcj) (107b) 
results from the reaction of [Cr{P(=NR)NR 2 }(CO) 5 ] (108) with S 4 N 4 via 
a presumed double [2 -f 4] cycloaddition (Scheme 44) (ll6a). 


B. Reactions of Coordinated Suifur Diimides 
1. Fragmentations 

Simple sulfur diimides readily fragment in the presence of transition 
metal carbonyl complexes. This is especially the case when the metal 


[Cr]—P, 
(104) 
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Scheme 42, Coordination of pnicogeno-substituted sulfur diimides, [Cr] = Cr(CO) 5 , 
R = /-Bu. (i) K.INSN]. 
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Scheme 43. Coordination of pnicogeno-substituted sulfur diimides, [Cr] = CifCO),. 
(i) K:[NSN]. 


reagents are capable of aggregating into cluster frameworks via bridge- 
assisted assembly. The clusters formed are typically supported by the 
bridging ligands derived from fragmentation of the NSN cumulene, i.e., 
R—N, S, or R—N=S (Scheme 45). The reactions investigated, to date, 
have been typically carried out under thermolytic conditions and while 
in some favorable situations yields may be quite respectable, it is more 
common that this is not the case. Unfortunately, this precludes any de¬ 
tailed mechanistic interpretation, intellectual input being more often post- 
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Scheme 44. Coordination of pnicogeno-substituted sulfur diimides, [Cr] = CifCO),, 
R = SiMej. (i) i S 4 N 4 . 
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Scheme 45. Structural motifs provided by metal carbonyl/sulfur diimide coihermolysis. 


rationalist than strategic. Nevertheless, the metal-mediated fragmentation 
of sulfur diimides remains a useful if somewhat unpredictable approach 
to a host of interesting polymetallic ensembles. 

It is most likely that the cleavage of the cumulene involves combination 
with a metal-bound carbonyl, extrusion of an isocyanate, and oligomeriza¬ 
tion of the resulting thionitrosoalkane complex via sulfur bridge-assisted 
clusterification. Carbon-sulfur bond cleavage is a common reaction in 
pyrolytic cluster synthesis and the cleavage of N-S bonds may be assumed 
to be at least as facile. In the absence of suitable model compounds for 
intermediates, these processes remain plausible conjecture. The field of 
bridge-assisted cluster synthesis has, however, matured considerably in 
recent times and the mechanistic investigation of these reactions will 
provide a fertile field for future study. The various imido-, sulfido-, and 
thionitrosoalkane-bridged clusters available through these types of reac¬ 
tion are summarized in Schemes 46 and 47 {127-140). 

Of particular note are the reactions of S(NR )2 (R = f-Bu, SiMe 3 ) with 
[M 3 (CO)j 2 ] (M = Fe, Ru, Os) {127-132), wherein the nature of the metal 
is surprisingly important (Scheme 46). In the case of [Fe 3 (CO)i 2 ] with 
S(=NSiMe 3 ) 2 , the thionitrosotrimethylsilane complex [Fe2(^t:7r- 
SNSiMe 3 )(CO)J ( 112 ) is obtained and this may be hydrolyzed to the 
“parent” sulfur imide (HNS) complex [Fe 2 (iw,: 7r-SNH)(CO)6] (113) by 
chromatography on silica gel (Scheme 46) {127). The reactions of 
[Fe 3 (CO), 2 ] with S(=N-r-Bu )2 leads to a complicated mixture of com¬ 
pounds {131,132). The reaction of [Ru 3 (CO), 2 ] with S(=N-/-Bu) 2 , how¬ 
ever, provides the simple 2-thionitroso-2-methyl propane-derived tetrahe- 
drane structure [Ru2()u,:7r-SN*Bu)(CO)6] (114) {128). The reaction with 
S(=NSiMe 3 ) 2 , however, leads to a complicated binuclear structure (115) 
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Scheme 46. Interaction of the sulfur diimides S(=NR)2 (R = CMe^, SiMeO with group 
8 binary carbonyls, (i) [OsjCCOi,], R = SiMe3; (ii) [Ru.tCO),.], R - CMe^; (hi) (Fe3(CO),2J, 
R ^ SiMe3; (iv) hydrolysis; (v) [Ru3(CO),2J, R = SiMe3. 



Scheme 47. Clusters derived from di(tert.butyl) sulfur diimide. R = CMcj. (i) [Co 
(CO)2 (t 7-C,HO]; (ii) [Fe(NO)(CO)3]; (iii) [Ni(7,-C,H,),] or [NF(/x-CO).(7,-C5H5),]; (iv) 
[Co(NO)(CO) 3 ]. 
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with bridging metallacyclic carbene ligands derived from migration of one 
silicon group to the oxygen of one carbonyl ligand (727). In the case of 
[Os 3 (CO)i 2 ], the higher temperatures required to activate the triosmium 
cluster lead to more extensive degradation of the NSN cumulene and the 
simple imidO'/sulfido-capped trimetallic compounds [Os 3 (/x 3 -S)(/x 3 -NR) 
(CO),] (116) are isolated {130). 

2. Reactions of Sulfur Diimides with Coordinated Ligands 

The interactions of sulfur diimides with coordinated ligands have been 
less studied than those involving imimooxosulfuranes and concerned pri¬ 
marily with hydride and cr-organyl groups, although the question of im¬ 
plicit coupling reactions with metal carbonyls is addressed briefly in Sec¬ 
tion VI,B. This is partly due to the greater facility of sulfur diimides for 
cleavage reactions. 

a. Hydrides (i) Mononuclear complexes. The reactions of sulfur di¬ 
imides with the hydrido-complexes (55) and (57) are very strongly depen¬ 
dent on the nature of the imino-substituent although the initial steps of 
the reactions appear to be common {71,141,142). 

Sulfur diimides bearing one or two electron-withdrawing tosylimino- 
substituents lead to simple 1,2-addition of the W—H bond across one S=N 
double bond (117) (77). The orientation of addition may be understood in 
terms of the Brpnstead acidity of the W—H linkage and the related reac¬ 
tions with iminooxosulfuranes (Section V,C,1). Thus the sulfur diimide 
is protonated on one nitrogen to provide an ion pair [W(CO )3 
(t}-C 5 H 5 )]”[RN = S-NHR]^, which collapses via nucleophilic attack by 
tungsten at sulfur (Scheme 47). If, however, a diaryl sulfur diimide is 
employed, the imino-nitrogen of the resulting complex is sufficiently nu¬ 
cleophilic to intramolecularly attack one of the tungsten(II)-bound car¬ 
bonyl ligands to provide a metallacyclic carbamoyl derivative (118). Simi¬ 
lar metallacyclic structures are observed for sulfur diimides bearing either 
a silyl or proton as one imino-substituent [S(=NR)(=NR'): R = H, SiMe 3 ; 
R' = r-Bu, AS-/-BU 2 ] {141,142). A third possibility arises when the imino- 
substituent is itself a potentially good ligand for tungsten: Nucleophilic 
attack by the imino-nitrogen at one of the tungsten carbonyls is still ob¬ 
served; however, rotation about the carbamoyl C—N bond may occur to 
deliver the ligative substituent to the metal center in preference to the 
more weakly coordinating sulfane group. This is observed for the sulfur 
diimides S(NA-/-Bu 2)2 (A = P, As) {141). These various possibilities are 
summarized in Scheme 48. 

The heterocyclic 2,1,3-benzochalcogenadiazoles (120) and (121) may 
be considered as cyclic chalcogen di-imides although the incorporation of 
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Scheme 48. Hydrotungstenation of sulfur diimides. (i) S( = NR) 2 , reaction stops for R = 
S02QH4Me-4; (ii) reaction stops for R = C^H4Me-4, Ph, H, SiMe 3 ; (iii) reversible metalla- 
cycle opening; (iv) reaction proceeds if R = P-/-BU 2 , As-z-Bu^, i.e., a better ligand for 
tungsten than sulfur. 


the aromatic benzo-group into the cumulene electronic system leads to a 
substantial reduction in N=A multiple bond character (Scheme 49). 

This is manifest in a reduced propensity for cumulene cleavage in 
their reactions with transition metal hydrides. Thus, for example, 
[lrCl 2 H(PPh 3 ) 3 ] reacts with (120) or (121) to provide simple adducts 
[lrCl 2 H(PPh 3 ) 2 (L)] [L = BTD (122), BSD (123)] by phosphine substitution 
{143). Similar isoelectronic ruthenium complexes [RuCIH(CO)(PPh 3 ) 2 (L)] 
[L = BTD (124), BSD (125)] are obtained from [RuClH(CO)(PPh 3 ) 3 fand 
the mode of coordination has been established crystallographically for 
(124) to be through nitrogen {144). 

In no case has cleavage of the NSN cumulene been observed for these 
systems. Indeed, the innocence of these ligands is preserved in a number 
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A = S (BTD) ( 120 ) 
Se(BSD) ( 121 ) 


\ 

// 


N 


Cl 


Cl 


/ 


H-M-PPh3' 

PhjP^ 

L' 


(I) 



( 122 H 125 ) 

Scheme 49. Hydrido-benzochalcogenadiazole complexes. ML' = Ru(CO), IrCl. (i) 
AN2QH4, -PPh,. 


of subsequent reactions involving the Ru-H bond: Hydroruthenation of 
a wide range of alkynes and 1,3-diynes leads to cr-vinyl derivatives 
(145-147). These reactions require the intermediacy of a coordinatively 
unsaturated hydride complex and thus the facile reversibility of the BSD/ 
BTD coordination is demonstrated. While the BSD ligand is coordinated 
cis to the hydride ligand in (124) it coordinates trans to the resulting a- 
vinyl ligand in (126) (145). With propargylic alcohols the initially formed 
-y-hydroxy vinyl complexes readily dehydrate in the presence of acids or 
bases to provide cr-l,3-dienyl complexes (127) (146). With mercapto- 
alkynes the a-mercapto substituent also coordinates to the ruthenium 
center with displacement of the labile BSD ligand (128) (147). Reaction 
of (125) with bis(alkynyl)mercurials leads to formation of cr-acetylide 
complexes (129), which are in turn convenient precursors for octahedral 
vinylidene complexes of ruthenium(ll) (148,149). These transformations 
are outlined in Scheme 50. In the resulting cr-vinyl and cr-acetylide com¬ 
plexes the BSD or BTD ligand fails to react with the Ru-C linkage and is 
readily displaced by good rr-acid ligands (CO, CN-/-Bu, CNC6H3Me2-2,6). 

(//) Polynuclear complexes. The reaction of (93) with [Os 3 (ju-H) 2 (CO)|,)] 
leads to cleavage of the NSN cumulene, formal loss of /-Bu 2 PN(rO, and 
formation of the trinuclear cluster [Os 3 (jU,-H){jU,: cr,cr'-SN(H)P-/-Bu 2 } 
(S,P)(CO) 9 ] (130) (109) (Scheme 51). The reaction may proceed via similar 
processes to those seen for mononuclear hydrido-complexes; however, 
extrusion of /-BU 2 PNCO is presumably more facile from the polynuclear 
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Scheme 50. Reactions of a ruthenium hydridobenzoselenadiazole complex. [RuJ = 
RuClfCOKPPhj);, BSD = 2,1,3-benzoselenadiazole. (i)HC=CR; R = H, «-Bu, Ph, C(iH 4 Me- 
4, CH:C(CO,Et)PO(OEt) 2 , CHjSMe;*; (ii) HC^CCMejOH; (iii) base or (CFjCOjO; (iv) 
RC^C—feCR; R = H, CMe,OH, Ph, SiMej; (v) PhCHzSCsCSCHjPh, -BSD; (vi) 
[HglC^CRy, -Hg, -HteCR: R = Ph, n-Bu, C*H4Me-4; (vii) HCl, -[BSDH]CI. 


complex than from the coordinatively saturated tungsten examples (118) 
and (119) discussed above. 

b. d-Organyl complexes Wojcicki has investigated the reaction of 
coordinatively saturated cr-alkyl and cr-aryl complexes of groups 6-8 
with sulfur diimides. Consistent with the analogous mechanism for SO 2 
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Osmium-hydride-mediated sulfur diimide cleavage, R = t-Bu, 


insertion involving outer-sphere electrophilic attack by electrophilic sulfur 
at the metal-bound carbon atom, insertion is only observed for the exceed¬ 
ingly electron-deficient sulfur diimides [S(NS 02 R) 2 : R = C 6 H 4 Me-Cl, CH 3 ] 
(72-74). The stereochemistry of these insertions is the opposite to that 
observed for hydrido-complexes. Thus in the case of [FeCH3(CO)2(7)- 
C 5 H 5 )] ( 6 /) the metal initially becomes attached to the nitrogen to produce 
(131) (Scheme 52). The reversed orientation of kinetic addition supports 
the disparate mechanisms for W-CH 3 and W-H addition as well as re¬ 
flecting the bond polarities I^W-C" vs for the two ligands. With 

cr-allyl and (r-propargyl complexes, metal-substituted heterocycles (132) 
and (133) are obtained. 


(i) 

Fp— CH3 ^ 

(61) 


Fp 



(i) 


Fp— 

(131) ^S=N 
H3C V 




Ph 


Scheme 52. Interaction of sulfur diimides with cr-alkyl complexes of iron(II). Fp = 
[Fe(CO) 2 (T)-C 5 H 5 )], R = SOjMe. (i) RNSO. 
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VII 

THIAZATE AND RELATED LIGANDS 

By analogy with the o-(O) coordination of sulfur dioxide to hard Lewis 
acids, isoelectronic thiazate complexes [L„M-NSO] and metallated sulfur 
diimides (L„M-NSNR] (Fig. 9) have been reported, although only compar¬ 
atively recently. 

The reaction of [Pt('>)-C 2 H 4 )(PPh 3 ) 2 ] with S(=NSiMe 3)2 provides the 
complex [Pt(o--NSNSiMe 3 ) 2 (PPh 3 ) 2 ] (134) by an as-yet obscure mechanism 
(150), which is in contrast to the results obtained for simple sulfur diimides 
where the kinetic products are simple 7 r(N,S) zero-valent platinum com¬ 
plexes (91). A mechanism involving oxidative addition of the N-Si bond 
followed by olefin silylation to ultimately provide Me 3 SiCH 2 CH 2 SiMe 3 
seems reasonable (Scheme 53) but has yet to be confirmed. Alternatively 
a double N-Si oxidative addition followed by reductive elimination of 
Si 2 Me 5 would also produce (134). 

A related titanium complex [Ti(o--NSN-/-Bu) 2 (T)-C 5 H 5 ) 2 ] (135a) has been 
obtained from the reaction of titanocene dichloride with K[NSN-t-Bu] 
(757); however, attempts to purify the complex by chromatography lead 
to N=S hydrolysis and isolation of the previously reported (752,755) 
bis(thiazate) complex [Ti(cr-NSO) 2 (i 7 -C 5 H 5 ) 2 ] (136). This complex may be 
prepared more conveniently by the reaction of titanocene dichloride with 
a solution of thionyl chloride in liquid ammonia, which is presumed to 
generate [NH 4 ][NSO] in situ (754). Treating (136) with LiN(SiMe 3)2 pro¬ 
vides the trimethylsilyl derivative (135b), which at first site appears an 
ideal candidate for the synthesis of metallacyclic NS rings. Unfortunately, 
the N—^Ti bonds appear more labile than the N—Si bonds, generating 
[TiCl 2 (i 7 -C 5 H 5 ) 2 ] in reactions with main group chlorides (Scheme 54). 

The OSCI 2 /NH 3 ,,) reagent developed by Woollins is also a convenient 
reagent for the synthesis of a range of bis(thiazato) complexes of platinum 
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Fig, 9. Metal thiazates and related compounds. 
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Scheme 53 . Possible mechanisms for the interaction of S(=NSiMe3)2 with 
[Pt(CH 2 CH 2 )L 2 ]. L = PPhj. 





Scheme 54 . Thiazato-complexes of titanium(IV). (i) K[NSN-/-Bu]; (ii) chromatography; 
(iii) K[NSO] or [NHJLNSO]; (iv) Li[N(SiMe3)2]; (v) SCU. 
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Scheme 55. Thiazato-complexes of platinum(II). (i) [Hg(NSO) 2 ], PhAs(NSO )2 or 
SINSO).; (ii) “[NH 4 ][NSO]” or S{NSO)2/NH3 m,. 


beginning with the corresponding dichlorides (Scheme 55). These com¬ 
plexes are also readily prepared by employing ammoniacal solutions of 
sulphur di(thiazate) [S(NSO) 2 ] or by treating the zerovalent ethene com¬ 
plex [Pt(r?-CH 2 CH 2 )(PPh 3 ) 2 ] with bis(thiazato)mercury(II) (752) or thia- 
zatoarsines (153), 

An unusual reaction occurs between [RhH(CO)(PPh 3 ) 3 ] and CsCNSOi] to 
provide the structurally characterized complex [Rh(cr-NSO)(CO)(PPh 3 ) 2 ] 
(138), and phosphine oxide (Scheme 56) {155). The initial product is pre¬ 
sumably a 0 --NSO 2 complex (139), which is subsequently reduced by 
triphenylphosphine. 

The reaction of [CoH{P(OPh) 3 } 4 ] with trithiazyl trichloride has been 
reported to provide the cobalt(lll) complex [CoCl 2 (cr-NSO){P(OPh) 3 } 2 ] 
(756). The formulation was based only on infrared data and must be 
considered dubious, given the large number of incorrectly formulated 
complexes reported to result from the reactions of phosphine complexes 
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Scheme 56. A thiazato-complex of rhodium(I). 
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[OS3(CO)i2] 



Scheme 57. Cothermolysis of [Os^tCO),^] and S(=NAs-r-Bu) 2 . R = /-Bu. 


of metals of groups 8-10 with trithiazyl trichloride (30,157). In many cases 
the species that is actually responsible for the infrared activity attributed 
to i^(NS) has subsequently been shown by Woollins to be [Ph 3 PNH 2 ]Cl (158). 

A novel trinuclear complex of the NSNAs-r“Bu 2 ligand (140) results 
from the thermolysis of osmium dodecacarbonyl with (94) (159). One 
nitrogen-arsenic bond is cleaved to ultimately provide a capping arsini- 
dene ligand and one tert-butyl group presumably provides the hydrido- 
ligand by 2 -methyl propene elimination (Scheme 57). 

A range of metallacyclic complexes [L^M(SNSN)] (141) of the nickel 
triad result from the reactions of divalent precursors with S 4 N 4 or S 2 CI 2 
in liquid ammonia. These compounds may be formally described as metal- 
lacyclized complexes of the “N=S=N—S' dianion (Scheme 58) although 
the analogy is of limited use. The chemistry of this class of compounds 
has been extensively reviewed elsewhere (160). 

Initial investigtions into the transition metal coordination chemistry of 
the readily prepared, explosive salt K 2 [NSN] (161) have been largely 
disappointing (Scheme 59). Reaction of the solvent-stabilized complex 
[Mn(thf)(CO) 2 (T 9 -C 5 H 5 )] with K 2 [NSN] leads to an intermediate complex 
that reacts with dichloromethane to produce the binuclear thioformalde- 
hyde complex [Mn 2 (o-: 7 r-CH 2 S)(CO) 4 (T 9 -C 5 H 5 ) 2 ] (142) (162). The interme- 
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Scheme 58. Synthesis of platinadithiadiazoles. 
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Scheme 59. Coordination chemistry of dipotassium sulfur diimide. (i) [Mn(thf)(CO)-.(7)- 
C5H5)]; (ii) CH2CI2; mCO\], - K[NS]. 


diate is most likely of the form S[Mn(CO) 2 (T 7 -C 5 H 5 )]^” (n = 2,3,?) but has 
yet to be identified, Reaction of [WfCO)*] with K 2 [NSN] produces the 
anionic isocyanate derivative [W(NCO)(CO) 5 ]" (143) (163). However, 
both this and the preceding reaction proceed in yields too low to be 
mechanistically informative other than to illustrate that the salt is not 
incorporated intact into these coordination spheres but may serve as either 
a nucleophilic source of S or N, or as a potent reductant. 


VIII 

CONCLUDING REMARKS 

The coordination and organometallic chemistry of the simple analogs 
of sulfur dioxide remains comparatively unexplored. The specific fields 
of iminooxosulfurane, sulfur diimide, and sulfine chemistry are sufficiently 
immature as to still reflect the particular perspectives of the few research 
groups involved to date. Few situations where detailed comparisons may 
be made for a complete range of sulfur(IV) heterocumulenes bound to the 
same metal-ligand fragment even exist. Even in the few situations where 
this is possible, both parallels and divergences are apparent. The basic 
analogy with sulfur dioxide will in many but not all situations be a useful 
one. Situations where this analogy is paticularly appropriate are illustrated 
in Scheme 60. 

A critical appraisal of the known organometallic chemistry of sulfur 
dioxide soon reveals a preoccupation with either the mode of coordination 
to be adopted or simple insertion reactions with comparatively mundane 
(T-alkyl ligands. It is hoped that this review, while outlining the interesting 
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Scheme 60. The sulfur dioxide analogy: A. B = O, S, NR, CR 2 . 


results obtained so far for other sulfur(lV) cumulenes, has also highlighted 
potentially fruitful areas for further study. 
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I 

INTRODUCTION 

Major advances in organometallic chemistry during the past 5 years 
have been achieved in the area of silaorganometallic chemistry, based on 
silicon to metal multiple bonding and silicon with low coordination num¬ 
bers (/,2). The hunt for new molecules has been carried out jointly by 
several research groups and has led to the discovery of fundamentally 
new classes of compounds, such as silylene (silanediyl) complexes 
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(3a-3j,4a-4c), cationic {5a,5b,6) and cyclic silylene complexes {7a-7f), 
coordination compounds of silaethenes (8a-8d), silaimines (9), disila- 
ethenes (lOa-lOd), and silatrimethylenemethane ill), as well as cationic 
cyclic (12) and terminal silylyne (silacarbyne) (13) complexes. These activi¬ 
ties also included the discovery of base-stabilized metalla-2-silaaIlene sys¬ 
tems (14) in which the silicon atom can be considered as zero valent. All 
these systems had been unknown up to their discovery and have only 
occasionally been postulated as reactive intermediates (Scheme 1). 






\ 


Do 


i^— si; 




The existence of such a diverse silaorganometallic chemistry is most 
surprising and sets stimulating new impulses for various areas of organo- 
metallic chemistry. It is now clear that coordination compounds of subva- 
lent silicon ligands play a key role in many reactions and have important 
applications in industrial processes. This applies, for instance, to the 
hydrosilation reaction (I5a,I5b), to the dehydrogenative coupling reaction 
of silanes to polysilanes (16), and to many metal complex catalyzed silylene 
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transfer reactions {17), However, coordination compounds of silylenes 
are also most important in heterogeneous systems and in reactions on 
surfaces. Coordinated silylenes are probable intermediates in the direct 
synthesis of Me 2 SiCl 2 from MeCl and CuSi 2 {18), Furthermore, coordi¬ 
nated silylenes M=SiH 2 ^ have been investigated in the gas phase by 
molecular beam experiments (79) and have been observed as intermediates 
in chemical vapor deposition reactions of silicides from volatile precursors 
{20). Some of these aspects are discussed in more detail in the forthcom¬ 
ing sections. 

The exploration of silaorganometallic chemistry is still in a rudimentary 
state and only the first basic discoveries have been made. However, ''spin¬ 
off’ results of this research are already extremely interesting and include 
areas like asymmetric synthesis with silaorganometallic compounds for the 
introduction of chiral silicon atoms in pharmaceutically active compounds 
(27), as well as applications in materials science and semiconductor tech¬ 
nology (22). Silaorganometallic chemistry forms an important link between 
organic and inorganic chemistry, and the exploration of this highly interdis¬ 
ciplinary field is a necessary and fascinating challenge for the future. The 
main development phase of the classical coordination chemistry of carbon 
has already passed; however, the organometallic chemistry of silicon will 
be a major theme in the future of organometallic chemistry! 


A. Silylenes In the Direct Synthesis 

The role of silylenes in the direct synthesis of methylchlorosilanes has 
been investigated by Clarke {18). Two types of silylene intermediates are 
believed to be involved. 

Silylenes are physisorbed on the catalyst surface, where they react with 
methyl chloride yielding methylchlorosilanes (SiMeCl gives Me 2 SiCl 2 ; 
SiCl 2 gives MeSiC^) in accordance with the van den Berg mechanism. 
Furthermore, free silylenes are released into the gas phase and can be 
trapped with butadiene, but these are not directly involved in methylchlo- 
rosilane production. The addition of Me 3 SiH to the methyl chloride pro¬ 
motes radical reactions; the major product is Me^SiCl. Me 3 SiCl is believed 
to result from an efficient chain sequence proceeding mainly on the surface 
involving Me 3 Si‘ radicals that scavange surface-bound chlorine. 


B. The Role of Silylenes In the Hydrosllatlon Process 

A variety of late transition metal catalysts, which are active in hydrosila- 
tion reactions, also catalyze Si-Si bond formation of the silane component 
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ir. the absence of olefin. K. Brown-Wensley has shown that such reactions 
proceed through highly reactive silylene complex intermediates {I5a). This 
mechanism has been confirmed recently by M. Tanaka and his research 
group (23). 


C. Dehydrogenative Coupling of Silanes 

The dehydrogenative coupling of silanes with Pt complexes such as the 
Speier catalyst proceeds through silylene complex intermediates. Further¬ 
more, base adducts of related Fe- (for instance (Ph(9-Me2NCH2- 
naph)Si=Fe(CO) 4 ), Cr- (Mej (HMPA)Si=Cr(CO) 5 ), or dimeric Pt-sily- 
lene complexes (e.g., t(Et 3 P) 2 PtSiHPh] 2 ) catalyze the dehydrocoupling 
and polymerization reaction of silanes. This observation can be considered 
as direct evidence for the catalytic activity of silylene complex intermedi¬ 
ates. Evidence for the involvement of silylene complexes has also been 
obtained for early transition metal catalysts based on titanocene. For a 
detailed discussion refer to Section II,B. 


II 

SILYLENE COMPLEXES 

A. Synthesis of Silylene Complexes 

1. Salt Elimination: A One-Step Procedure 

The formation of metal-silicon double bonds is most effectively accom¬ 
plished in a one-step procedure by reaction of metallate dianions with 
dihalosilanes. This method has proven to be most effective and is widely 
used in many applications: 

RjSiCl, + Naj[Mr(CO)„] + Do — R 2 (Do)Si=M(CO)„ + 2 NaCI (1) 

Do = HMPA.THF, -CHjNMej, -CHjPPhj 
(HMPA is hexamethylphosphorotriamide, THF is tetrahydrofuran) 

M = Fe, Ru, Os (n = 4); Cr (« = 5) 

R = EtjN, /-BuS, /-BuO, l-AdaO, 2-AclaO, neopentyl-0, trityl-0. Cl, Me, <-Bu, Ph, 
(2-Me2NCH2-C6H4), (2-Me2NCH2-4-f-Bu-CjHj), (2-Ph2PCH2CsH4) 

R 2 SiCl 2 + Na 2 [W 2 (CO),ol + 2 Do—R 2 (Do)Si=W(CO )5 + DoW(CO)s -I- 2 NaCI 

Do = HMPA (2) 
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Otf 

Me2NCH2C8H4Li + RCeH4SiCl3 


R = -CH2-NMe2 

OCnMbj 

R = H 

R « -CHj-NMe. 
R = H 


NojCrCCO), 1 



R = -CHa-NMea 

R = H 

A variation of this method is the in situ generation of the metallate from 
a precursor by deprotonation {4b). 

2 . Insertion of Reactive 16e~ Metal Complexes into a Si-H Bond 
with H 2 Elimination 

Insertion reactions of \6e~ metal species into a Si-H bond have been 
investigated extensively {24). The H 2 elimination step from the silyl metal 
hydride intermediate formed has been realized only recently (25): 


Fe(C0)5 



MeCpMn(C0)3 


hi/ 


Si = Fe(C0)4 
)==< NMej 


<f)>- Si = MeCpMn(C0)2 
)=< NMej 


(4) 


(5) 


A MO calculation for the system Cp 2 TiHSiH 3 —» Cp 2 Ti=SiH 2 + H 2 
gives a slightly endothermic value for the enthalpy of formation of the 
silylene complex of —14 kcal mol"'. In contrast, the coordination of a 
base to the three-coordinated silicon atom is exothermic and yields an 
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additional 16 kcal nior‘ (for Me 2 NR), which makes the formation of a 
base-stabilized silylene complex by this route a thermodynamically fa¬ 
vored process (26). Further elimination reactions from related starting 
materials (HCl, etc.) have not been successful. 

3 . Substituent Displacement at Silicon: A Route to Cationic Complexes 

The displacement of an anionic leaving group from silicon by a solvent 
molecule leads to cationic, solvent-stabilized silylene complexes. Triflates 
and iodides in particular have been used for the generation of both cationic 
silylene and silylyne complexes {5a,5hJ3): 



+ NQBPh4 + CH3CN 


( 6 ) 



4 . Base Abstraction from a Base-Stabilized Silylene Complex 

The abstraction of the base from the silicon atom of a base-stabilized 
silylene complex seems to offer a most straightforward access to silylene 
complexes. This approach has, indeed, succeeded recently and involves 

I, 2-shifts of phosphine or amine donor groups from silicon to the metal 
atom. The 1,2-shift of the donor is induced by the photochemical genera¬ 
tion of a vacant coordination site at the metal through a photolytic CO 
cleavage reaction. A rough estimate of the bond energies involved shows 
that 1,2-shift reactions are thermodynamically favored (see Section 

II, E, 8) (iO: 
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^Si =Cr - CO 

OOfSS '0 

hj/ 

-CO 

^Sl =Cr“C0 

OCisC "co 

0Ct>“ 

^Si =Cr “CO 

Ms.PPh2 CO 

h*/ 

-CO 

^Si =Cr-C0 


5. Trapping of Silylenes with Metal Complexes 

Trapping reactions of reactive silylene intermediates with appropriate 
metal complexes in solution have so far only rarely succeeded, since the 
silylenes may undergo side reactions of dimerization or polymerization. 
One remarkable case has been reported recently by Woo and coworkers 
and involves reaction of hexamethylsilirane, which was originally intro¬ 
duced by Seyferth, with tetratolylporphyrin (see Fig. 1) (27): 

(TTP)Os + Me.CMe.CMe.Si (TTP)Os:=SiMe 2 (THF) + Me.C^CMe. (9) 
(TTP) is tetratolylporphyrin). 

6 . Coordination of Stable Silylenes to a Metal 

The coordination of stable R 2 M (M = Ge, Sn) species to transition 
metals is a common route for the synthesis of subvalent coordination 
compounds of tin, germanium, and lead. Stable silicon(II) compounds 
have only recently become available with decamethylsilicocene prepared 
by P. Jutzi {28) and (tri-/-butyl)cyclopropenylisetylsilanediyl (isetyl = 
2,6-diisopropylphenyl) by Fink (29), which opened up a new route to 
silylene complexes. Jutzi and Mohrke {30) also were the first to report 
a stable, red complex of decamethylsilicocene with gold chloride, 
Cp* 2 Si=AuCl NMR, 82.8 ppm): 

CpSSi + Au(CO)Cl-^Cp* 2 Si=AuCl + CO. (10) 

This complex has not been characterized by a single crystal X-ray structure 
analysis, but the spectroscopic data indicate a tt interaction between sili¬ 
con and one cyclopentadienyl ring. 

7. Cleavage of Dimeric Silylene Complexes 

Cleavage reactions of dimeric complexes to form base-stabilized mono¬ 
meric compounds are common in the chemistry of related Sn and Ge 
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Fig. I. ORTEP view of (TTP)Os=SiEt 2 x 2 THF (TTP is tetratolylporphyrin). Important 
bond distances in angstrom: Os-Si 2.40(2), Si-01 1.853 (5). Sum of bond angles at Si 348°. 
Reprinted with permission from Woo et al. (27). Copyright (1993) American Chemical So¬ 
ciety. 


complexes, but have been introduced into the chemistry of silylenes only 
recently. Liu et al. (31) obtained base adducts of silylene complexes by 
a cleavage reaction of a dimeric compound with THF, HMPA, and 
CH3CN. A related reaction has been introduced recently by Corriu et al. 
(32), who reacted [(CO) 4 Fe(SiPh 2)]2 with N,A/^-dimethylimidazolidinon 
(DINO) to give the DINO complex DINO ^ Ph 2 Si=Fe(CO) 4 : 


(0C)4Fe ^Fe(C0)4 

^SiPh, 


2 DINO 


DINO 

2 (0C)4Fe = SiPh2 


(11) 


DINO “ N,N-Dimethylimidozolidinon 
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8 . Silane Elimination 

A thermal (60°C) dimethylsilane elimination from a m-dimethylsilylplat- 
inum(II) complex gives a highly reactive silylene complex, which was 
trapped with phenylacetylene (2i): 


HMeaSi . ^PEtj 

HMe^Si PEtj 



-HaSiMea 


PEt3 

PEt3 


( 12 ) 


B. Si-Si Bond Formation with Transition Metal Catalysts: 

Dehydrogenative Coupling Reactions 

The formation of Si-Si bonds by a metal complex catalyzed coupling 
reaction of silanes can be accomplished with a variety of transition metal 
catalysts. Compounds of late transition metals commonly yield disilanes 
or oligomeric chain silanes of relatively short chain length. The dehydro¬ 
genative coupling (in most cases) of phenylsilane with either titanocene 
or zirconocene-related catalysts and also lanthanide complexes gives poly¬ 
meric materials with molecular weights of up to 8000 AME (ii). 

It is not completely clear whether all Si-Si coupling reactions known 
so far proceed by the same mechanism. Therefore, these reactions are 
now distinguished between those using late and those using early 
transition metal catalysts, with only the latter yielding highly poly¬ 
meric silanes. 


1 . Late Transition Metals (d^) 

The dehydrogenative coupling reaction of silanes has been investigated 
for a variety of metal complexes, particularly with compounds that cata¬ 
lyze hydrosilation or hydrogenation reactions. It has been proven that the 
hydrosilation reaction with Speier catalysts gives Si-Si bond formation 
products in the absence of olefines. K. Brown-Wensley has clarified that 
this reaction proceeds through highly reactive silylene complex intermedi¬ 
ates {J5a), Recent investigations by Tanaka and co-workers {23) have 
unambiguously proven this mechanism. Thermolysis of m-(Et 3 P) 2 Pt 
(SiMe 2 H )2 at 60°C gives the reactive intermediate [(Et 3 P) 2 Pt=SiMe 2 ], with 
loss of Me 2 SiMe 2 , as the main product, which has been trapped with 
phenylacetylene to give the platinasilacyclohexadiene complex (Et 3 P )2 

PtPhC=CSiMe 2 CH=CPh. The latter has been characterized by a single¬ 
crystal X-ray structure determination: 
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Me,Si 


“Pt: 


PEt, 

PEt, 




The six-membered ring exists in a boat conformation with a nearly 
square planar coordination geometry at the platinum atom. Heating 
of the complex at bO'C affords the silacyclopentadiene 

Me 2 SiCH=CPhCPh=CH as the sole volatile product; 



It has been shown furthermore that m-(Et 3 P) 2 Pt(SiMe 2 H )2 catalyzes 
the dehydrogenative coupling reaction of HMe 2 SiSiMe 2 H, as well as the 
redistribution reaction of the disilane to give various linear silanes with 
a chain length of up to seven silicon atoms. This reaction sequence involves 
successive steps of dehydrogenative coupling reactions, from the oxidative 
addition of HMe 2 SiSiMe 2 H to (Et 3 P) 3 Pt to form c7s-(HMe2Si)2Pt(PEt3)2 
up to the products of Si-Si bond formation, and is an example for a 
reaction of a coordinated silylene in the coordination sphere of a metal (2S). 

Recent results from Corriu provide similar evidence for the involvement 
of iron silylene complexes in the formation of polysilanes. The N,N- 
dimethylimidazolidinone adduct of phenylsilylene iron tetracarbonyl was 
formed by a photolytic reaction of FefCOfs with PhSiH 3 in the presence 
of DINO. This complex catalyzes the dehydrogenative coupling reaction 
of phenylsilane to oligomeric polysilane and can therefore be used to bring 
about dehydrogenative coupling reactions of PhSiH 3 with Fe(CO )5 under 
conditions of photolytic induction. The diphenylsilanediyliron tetracar¬ 
bonyl derivative Ph 2 (DINO)Si=Fe(CO )4 has a similar catalytic activity. 
In both cases, the silylenes have been eliminated from the metal complex 
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and derivatized with diethylacetylene, 2,3-dimethylbutadiene, methanol, 
or r-butanoh Furthermore, the complex Ph 2 (DINO)Si=Fe(CO )4 could be 
obtained by cleavage of the dimeric silylene complex [(CO) 4 Fe(Ph 2 Si) 2 ] 
(32). This observation is in agreement with earlier reports of Tessier- 
Youngs (34), who noted the catalytical activity of the dimeric silanediyl 
complex [(Et 3 P) 2 Pt(SiPhH )]2 in dehydrogenative coupling reactions of phe- 
nylsilane. At present, it seems likely that the dimeric complex is a stable 
precursor for the catalytically active monomeric compound. 

It should be mentioned furthermore that the photochemical and base- 
induced cleavage of HMPA adducts of silylene complexes of Fe and Cr 
has also been demonstrated including the isolation of oligosilanes and 
trapping reactions of intermediate silylenes with 2,3-dimethylbutadiene 
(3djg): 


HMPA OC CO 

R,.. -Fe —CO 

/ I 

R CO 


- CO 
h 1/ 


HMPA OC^ fO 
Rj-sr— Fe-P(CaH5)3 
R^ CO 


R = t-BuO 
R = CH 3 


^ ^ (CeH3)3P 

^ u*“ [R 2 Si]n / - HMPA 
OC^ ^CO 

(H9Ce)3P —Fe-P(C,H9)3 
CO 


(15) 


HMPA OC CO 

R^Si-Fe - CO 

CO 




(16) 


R - t-BuO 
R - CHj 


+ 

CO 


A further interesting example is given in a reaction described by Pannell. 
Photolysis of disilylmetal complexes leads to a silyl metal complex with 
a side chain shortened by one silicon unit. A Si-1 unit is expelled from 
the complex as silylene and undergoes a polymerization reaction to polysi¬ 
lane in solution. A cyclic silylene complex has been isolated as an interme¬ 
diate of this reaction by introduction of an intramolecular OMe-donor 
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function {35): 

T)‘'-Cp(CO)2FeSiR2SiR3-*r)’-Cp(CO)Fe(=SiR2)SiR3 + CO 

-► V-Cp(CO) 2 FeSiR 3 + lln [SiR 2 ]„ R = CHj. 


(17) 


2. Early Transition Metals (</®) 


a. (T-Bond metathesis mechanism The mechanism of the dehydrogen- 
ative coupling reaction of phenylsilane with early transition metal catalysts 
is still controversial. Tilley and Marks have gathered a considerable 
amount of evidence for a o--bond metathesis (id). This mechanism is based 
on two o--bond metathesis steps that pass through four-center transition 
states; (1) the dehydrometallation of silane, H(SiHR)„H, with a metal 
hydride to give hydrogen and a silyl derivative, M(SiHR)„H, and (2) cou¬ 
pling of the metal silyl derivative with more hydrosilane, H(SiHR)„H, 
to produce H(SiHR)„(SiHR)„,H and regenerate the active metal hydride 
catalyst. This mechanism is based on stoichiometric o--bond metathesis 
reactions involving zirconocene and hafnocene complexes. A similar 
reaction, which has been identified as cr-bond metathesis, is the rapid 
MH/SiH hydrogen exchange, for example between PhSiHj and 
CpCp*MHCl (M = Zr, Hf), which was verified by deuterium labeling 
experiments (Scheme 2). 




'SifSiMe,), 


+ PhSiH, 



M • Zr, Hf 


+ HSifSIMv,), 


The thermal decomposition reaction of CpCp*Hf(SiH 2 Ph)Cl yields oli- 
gosilanes and CpCp*HfHCI according to second-order reaction kinetics 
with activation parameters of AHt = 19.5 ± (2) kcal mol”' and ASt = 
-21 ± (6) eu, which, furthermore, supports the proposed four-center 
transition state. The product distribution (chain growth process and inter¬ 
conversion of cyclic and chain oligosilanes) has been studied by gel perme¬ 
ation chromatography. 

b. Silylene mechanism It must be pointed out, however, that recent 
investigations by Hengge and co-workers on the dehydrogenative coupling 
reaction of disilanes give evidence for a silylene complex mechanism 
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{16,37). The dehydrogenative coupling of 1,2,3-trimethylsilane and 1,2,3,4- 
tetramethyltetrasilane with Cp 2 TiMe 2 was stopped after 30 sec of the 
polymerization reaction and yielded oligomeric chain silanes with up to 
II silicon atoms, with a large amount of branched oligomers. Kinetic 
investigations show that a small amount of trisilane and tetrasilane is 
coupled in one step without Si-Si bond cleavage to give linear hexasilane 
and octasilane. However, the percentage yield of a mixture of constitu¬ 
tional isomers of isosilanes (isohexasilane/linear hexasilane 92/8) is very 
high. Branched products are the result of Si-Si bond cleavage reactions 
and are not believed to be formed by a cr-bond metathesis reaction but 
by a /3* elimination from a metalsilylhydride and subsequent addition of 
a further monomeric silane unit to the silylene (silylene transfer), (r-bond 
metathesis has only been observed for ‘‘primary” silanes RSiHj due to 
steric congestion of the transition state. It has been shown by analysis of 
the product distribution that only this reaction sequence leads directly to 
highly polymeric materials within seconds. Besides the silylene reaction 
pathway, products of (r-bond metathesis have also been found in low 
yields as well as traces of cyclic silanes (cyclohexasilane). The key step of 
the silylene mechanism involves elimination from a metal silyl hydride 
through a four-center transition state. It should be pointed out that (r-bond 
metathesis and /3*-elimination reactions should have similar activation 
parameters (A5$) (Scheme 3). 

!*► '‘LaM** + McaSi-SiMoaH 



LaWNSlMea + HSiMes 
- "LaM** + SiMea 


A HFS-LCAO calculation by Harrod and Tschinke of Cp 2 Ti=SiH 2 
shows an activation barrier of ca. 60 kJ mol “ ‘ for the hydrogen elimination 
from the hydride with a reaction enthalpy of ca. 40 kJ mol ^ However, 
the subsequent addition of silane to the Ti=Si bond is exothermic by 
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48 kJ mol “' with an activation barrier of ~ 12 kJ mol"'. Taking the thermo¬ 
dynamic stability of the polymer into account, a silylene complex route 
may at least be viable (26). 

C. Base Adducts of Silylene Complexes 

1. Structural Aspects of Base-Stabilized Silylene Complexes 

Most of the silylene complexes described so far feature a four-coordi¬ 
nated silicon atom due to the coordination of a solvent molecule to the 
silicon atom {4b). The dative bond between the solvent molecule and the 
silicon atom is formed by interaction of an electron pair of the donor with 
the LUMO of the M=Si double bond- The degree of interaction is a 
function of the orbital energy and coefficient of the LUMO. According 
to the electronic saturation of the silicon atom, different degrees of adduct 
formation between the silicon and the base are observed. The interplay 
of various electronic and steric effects is reflected in the metal-silicon 
and donor-silicon bond lengths and in the coordination geometry at the 
silicon atom. Particularly the sum of bond angles of the three covalently 
bonded substituents is a sensitive probe for the degree of adduct formation 
and varies between 352'’ (weak coordination) and 333'’ (covalent bond 
L-Si) (Fig. 2). 


HMPT HMPT 



(+2) (0) (+4) (-2) 


Fig. 2. Coordination geometry at silicon by incorporation of a base. 
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The adduct formation can be considered a general feature of polar E=E' 
multiple bonds and as a particular characteristic of silicon chemistry. 
Similar solvent adducts are known from silaethenes and silaimines (2). 

The structural parameters of a variety of HMPA adducts of silylene 
complexes are summarized in Table I. The metal-silicon bond lengths 
vary from 2.214 (1) angstrom to 2.572 (1) A depending on the metal and 
the electronic influence of the substituents. A higher electron deficiency 
at silicon induces shorter metal-silicon and donor-silicon bond distances 
and vice versa. For a given metal and donor, the metal-silicon bond 
lengths can be correlated linearly with the net atomic charge at Si calcu¬ 
lated for the free silylenes. 

The following gradation for the stabilizing effect of a substituents on the 
silicon atom has been deduced for HMPA adducts of Fe and Cr complexes: 

N>0>C>S>C1. 

The N- and 0-substituted complexes experience substantial stabilization 


TABLE I 


Selected Structural Parameters of Silanediyl-Coordination 
Compounds (Bond Distances in A, Bond Angles in °) 


Compound 

M~ 

Si 

Do—Si 

P=0 


(CO)4FeSi (HMPA) (NEt,), 1 

2.313 

(1) 

1.734 (I) 

1.549 (2) 

343.1 

(CO) 4 FeSi (HMPA) (/-Bu’O), 2 

2.289 

(2) 

1.730 (3) 

1.524 (3) 

342.1 

(CO) 4 FeSi (HMPA) (/-BuS), 3 

2.278 

(1) 

1.734 (2) 

1.542 (2) 

342.6 

(CO)4FeSi (HMPA)Me2 4 

2.280 

(1) 

1.735 (3) 

1.528 (3) 

339.0 


2.294 

(1) 

1.731 (3) 

1.520 (3) 

339.8 

(CO)4FeSi (HMPAjCIo 5 

2.214 

(I) 

1.683 (3) 

1.552 (3) 

336,3 


2.221 

(1) 

1,676 (3) 

1.548 (3) 

337.7 

(CO)4RuSi (HMPA) (r-BuO)2 6 

2.414 

(1) 

1.731 (2) 

1.525 (3) 

342.1 

(CO) 5 CrSi (HMPA) (l-Bu), 7 

2.527 

(1) 

1.777 (1) 

1.500 (1) 

340.7 

(CO),CrSi (HMPA) (l-BuO), 8 

2.431 

(1) 

1.736 (2) 

1.527 (2) 

342.2 

(CO) 5 CrSi (HMPA)Me 2 9 

2.410 

(1) 

1.743 (2) 

1.521 (2) 

339.5 

(CO)5CrSi (HMPA) Cl, 10 

2.342 

(1) 

1.690 (2) 

1.543 (2) 

337.6 

(CO)5CrSi(2-Me2NCH2-CsH4)Cf,H5 11 

2.409 

(2) 

1.991 (2) 

— 

347.8 

(CO)5CrSi(2-Me,NCH,-C6H4)2 12 

2.408 

(1) 

2.046 (2) 

— 

351.3 

(CO)4CrSi(2-Me,NCH2-CsH5) (2-Me2NCH2-CsH;) 13 

2.3610 (4) 

1.981 (1) 


342.9 

(CO)5CrSi(2-Ph2PCH2C6H4)2 14 

2.413 

(1) 

2.380 (1) 

— 

352.1 

(CO)sCrSi (/-Bu )2 x NaOTf 15 

2.475 

(1) 

1.857 (3) 

— 

349.5 

(CO)4FeSi (HMPA)2Fe(CO)4 16 

2.339 

(1) 

1.745 (2) 

1.530 (2) 

— 


2.341 

(1) 

1.748 (3) 

1.526 (3) 

— 


“ Sum of the three bond angles at silicon without the donor as a measure for the 
planarization effect. 




244 


CHRISTIAN ZYBILL ef a/. 


by the heteroatom; for CH 3 -substituted complexes a high hyperconjugative 
effect has been observed. The dimethylamino-substituted silylene complex 
(Et 2 N) 2 (HMPA)Si=Fe(CO) 4 1 eliminates HMPA in the gas phase forming 
the base-free complex (Et 2 N) 2 Si=Fe(CO )4 (Fig. 3). 

With the exception of extremely sterically hindered compounds, steric 
effects do not affect the coordination geometry at the silicon atom signifi¬ 
cantly and play a role only in the periphery of the molecule, influencing 
the conformation of the substituents at the silicon atom. In a variety of 
complexes, the substituents at silicon are always oriented in the crystalline 
phase in such a way as to minimize repulsive intramolecular interactions. 
This effect has been reproduced by force field calculations (3g,4b). A 
few cationic Ru-silylene complexes that also generally feature solvent 
coordination have become available recently. The observed metal-silicon 
bond lengths are relatively short compared to single bonds. It should be 
pointed out, however, that in these cases strong dipolar effects must be 
expected and that these will have a major influence on metal-silicon 
bond lengths. 

A careful NMR-spectroscopical investigation of [Cp*(PMe 3 ) 2 Ru 
SiPh 2 (NCMe)]'^ BPh 4 “ gives evidence for a rapid exchange of the coordi¬ 
nated CH3CN with free acetonitrile in solution. A lineshape analysis of 
(variable temperature) VT 'H NMR spectra of the complex in the presence 
of one equivalent of CH3CN afforded activation parameters for this pro¬ 
cess of A//t = 14.5 ± 0.3 kcal mol“‘ and ASt = 14 ± 2 eu. The positive 
value for the entropy of activation is consistent with a dissociative mecha¬ 
nism and provides evidence for the existence of a base-free silylene com¬ 
plex [Cp*(PMe 2 ) 2 Ru=SiPh 2 ^ ] in solution (5a). 



Fig. 3. SCHAKAL plot of (CO) 4 Fe=Si (HMPA) (NEt 2 ) 2 1. Important bond distances 
in angstrom; Fe-Si 2.313 (1), Si-05 1.734 (1). 
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2. Spectroscopic Parameters 

NMR spectroscopy is a most effective method for structure assign¬ 
ment of silicon compounds in solution (Fig. 4). The ^^Si NMR shifts are 
strongly influenced by counteracting paramagnetic and diamagnetic shift 
effects {38). This situation leads in many cases to a nonlinear relationship 
between the ^^Si NMR shifts in a homologous series of SiX„R 4 _„ {n = 
0 - 4, R = H, aryl, alkyl; X = halogen) compounds and the overall 
electronegativity of the substituents at silicon. Furthermore, ^^Si NMR 
shifts are indicative of the coordination number CN of the silicon atom (25). 

Because of problems with relaxation times Tj, as well as Overhauser 
effects of silicon compounds, certain measures such as addition of relax¬ 
ation agents or use of polarization transfer with pulse sequence programs 
such as INEPT and DEPT, have been applied. The latter methods are 
independent of the sign of the gyromagnetic ratio and the Tx time of the 
observed nucleus. 

The observation of ^^Si NMR shifts has also always been possible in 
cases where the silicon atom is embedded in a dynamic coordination 
sphere. In Table II ^^Si NMR shifts of silylene complexes and related 
compounds are summarized. 


HMPA 


(OC)r,M::^Si—R 


HMPA HMPA 
' / 

(0C)4Fe'^ ''^Fe(C0)4 


R = Me 


R = Cl 


R = t-BuO 


Cr 

Fe 

Ru 

Cr 


Fe Ru 


Cr 


Fe 

- 1 - 1 - \ - 1 - 1 - 

-1-1-1-r 

1 



100 ppm 50 0 

29Si-NMR/TMS ini. rel./CsDs 

Fig. 4. NMR data of selected silanediyl complexes; see text for discussion. 
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TABLE II 


^Si NMR Data of Silylene Complexes and Related Compounds 


Complexes 

6 (ppm) 

References 

Silylene 

(CO)4FeSi (HMPA) (NEt2)2 1 

111.0 

0 

(CO)4FeSi (HMPA) «-Bub)2 2 

7.1 

(Sa) 

(CO)4FeSi (HMPA) (/-BuS)2 3 

74.7 

(3d) 

(CO) 4 FeSi (HMPAIMe. 4 

92.3 

(3d) 

(CO)4FeSi (HMPA)CU 5 

49.7 

(3g) 

(CO) 4 RuSi (HMPA) (J-BuO), 6 

-5.3 

{3e) 

(CO)4RuSi (HMPAICL 17 

33.2 

iSe) 

(CO)5CrSi (HMPA) (/-Bu) 7 

133.1 

(56) 

(CO),CrSi (HMPA) (/-BuO )2 8 

12.1 

{3b) 

(CO)sCrSi (HMPA)Me 2 9 

101.4 

{3g) 

(CO) 5 CrSi (HMPA)Cl 2 10 

55.0 

{3g) 

(CO)5CrSi(2-Me2NCH2-QH4)QH, 11 

121.2 

(3i) 

(CO)5CrSi(2-Me2NCH2-C6H4)Cl 18 

129.9 

{3i) 

(CO),CrSi(THF)(f-Bu )2 19 

145.3 

a 

(CO)5CrSi(2-Me2NCH2-C6H4)2 12 

138.8 

(3f) 

(CO)4CrSi(2-Me2r^CH2-QH5) 

122-9 

{3i) 

(2-Me2NCH2-CfiH5) 13 

(CO)sCrSi(2-Ph2PCH2-C6H4)2 14 

73.2 

17.5 

(55) 

(COsCrSi (/-Bu )2 x NaOTf 15 

150.7 

(56) 

[Cp*(Me,P) 2 RuSiPh 2 (NCMe)]BPh 4 20 

95.75 

(5b) 

lCp*(Me3P)2RuSiPh2(OTf)] 21 

112.39 

{5a,h) 

(TTP)Os=SiEt 2 X 2 THF 22 

24.53 

{27a) 

(CO)3(:rSi(2-Ph2PCH2-C6H4)(2-Ph2PCH2-C6H4) 38 

159.71 

(55) 

Cyclic Silylene 

[(7)*-C5Me,)Fe(CO)SiMeOMe-M-OMe-SiMe2l 23 

127.4 

(7) 

Me2SiOMeSiMe2Mn(CO)4 24 

115.4 

(7) 

Silaethene 

Cp2WCH2^iMe2 25 

-15.66 

57, P- 

(Sc) 

Cp*(/-Pr3P)HRuCH2SiPh2 26 

6.14 

{8b) 

Silaimine 

Cp2(Me3P)Zr(7)LMe2Si=N /-Bu) 27 

__ 

(9) 

Disilaethene 

Cp2WSiMe2SiMe2 28 

-48.1 

50.7'’ 

(lOd) 

Silatrimethylenemethane 

{Mes 2 SiC(CH(/-Bu))CH 2 }Fe(CO), 29 

43.55 

(//) 


(continued) 
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TABLE 11 {continued) 


Complexes 

8 (ppm) 

References 

Silylyne 

LCp 2 Fe 2 (CO) 3 (/x-Si-r-Bu x NMI)]1 30 

251.5 

U2) 

Metallasilalallenes 

(CO)4FeSi (HMPA)2Fe(CO)4 16 

24.1 

22.0^ 

4.4 


(CO)4RuSi (HMPA)2 Ru(CO)4 31 

20.2^ 

a 


" H. Handwerker, C, ZybilU Unpublished. 


3. Electronic Structure of Transition Metal Silylene Complexes 

Quantum mechanical calculations at Hartree-Fock SCF and CASSCF 
level for complexes (CO) 5 Mo=M'H 2 , M' = C, Si, Ge, and Sn, allow a 
description of the complexes in the sense of Fischer-type carbene com¬ 
plexes. The Mo=M' double-bond structure corresponds to the well- 
known sp cr-donor /?7r-acceptor scheme, which becomes less efficient 
for the heavier elements of the series. The geometric parameters of the 
complexes are in agreement with the observed structures. In particular 
the lowering of the H-M'-H bond angles appears to be related to a 
different mix of the M' and p orbitals. The dissociation energies, the 
potential energy profiles for the dissociation process yielding (COI^Mo 
and M'H 2 , the rotational barriers of the M'H 2 ligand around the fourfold 
axis of the (CO) 5 Mo fragment, and force constants associated with the 
Mo=M' bond stretch have been calculated {39a,39h). 

An important aspect of the calculations is the reduced tt contribution 
to the metal silicon double bond going from carbon to the heavier elements 
of the series C, Si, Ge, Sn due to more diffuse orbitals and less effective 
orbital overlap. This trend is also reflected in the bond dissociation ener¬ 
gies and the calculated force constants of the complexes. The values 
significantly decrease going from carbon to silicon; however, the silicon 
compounds do not show unusual features compared to their Ge and Sn 
counterparts. Furthermore, it must be pointed out that bond dissociation 
energies and force constants of multiple bonds of heavier elements gener¬ 
ally are lower than for similar carbon C=C systems (Table III). 

A Mulliken population analysis for (CO) 5 Mo=SiH 2 gives a total electron 
density of 3.583 (SCF)/3.696 (CAS) electrons at Si, which corresponds to 
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TABLE III 

Bond Distance R in A, Dissociation Energy in kcal mol"', and Force 
Constant/in mdyn A"' for Complexes (CO)5Mo=MHj ( 39a ) 


M 

C 

Si 

Ge 

Sn 

/?Mo=M = 

2.02 

2.48 

2.56 

2.65 

^Mo=M = 

76.53 

47.22 

40.64 

40.83 

/mo=M = 

3.234 

1.270 

1.132 

0,898 


a mean positive charge of almost 0.5 e, which makes the incorporation 
of a Lewis base at silicon understandable. 

4. High-Valent Transition Metal Silylene Complexes 

The electronic structure of complexes arising from the formation of a 
double bond between a silylene ligand and a high-valent transition metal 
fragment have been investigated recently using ab initio wave functions 
including the effects of electron correlation. These complexes may be 
referred to as Schrock-type silylene complexes. A description of the 
metal-silicon bonding requires electron correlation to adequately describe 
the M-Si (T bond, while the M-Si tt bond is described at the Hartree-Fock 
level. The GVB overlap (as indicator for kinetic stability) and the MSi 
force constants (as indicator for thermodynamic stability) increase when 
electronegative substituents are present either at the metal or the silylene 
ligand. Furthermore, the force constants are larger for complexes of group 
5 than for those of group 4 metals. A strong M-Si tt backbond seems to 
be essential for the stabilization of high-valent silylene complexes. These 
results suggest strategies for the synthesis of such hitherto unknown com¬ 
pounds {40). 

D. Reactivity of Silylene Complexes 

Reactions of silylene complexes can be divided into reactions of reactive 
(base-free) intermediates and reactions of solvent adducts of silylene com¬ 
plexes. It is assumed that only minor differences exist between solvent- 
stabilized complexes and base-free complexes. In many cases the adduct 
formation between a solvent molecule and the complexes is reversible 
and the adducts can be considered a “storage” form of three-coordi¬ 
nated silicon. 

Since stable complexes with a three-coordinated silicon atom have been 
described only recently, the chemistry of silylene complexes with a three- 
coordinated silicon atom is still poorly understood. Reactions of silylene 
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complexes with intramolecular bases coordinated to silicon are discussed 
in Section E. 

1. M-Si Bond Cleavage and Silylene Transfer 

A variety of trapping reactions of coordinated silylenes with reagents 
commonly used for the identification of free silylenes, such as alcohols 
and dienes, have been observed. Trapping reactions are particularly valu¬ 
able as proof of silylene cleavage from the metal complexes under condi¬ 
tions of polysilane formation. Such reactions have been reported by vari¬ 
ous authors and give evidence for the existence of silylene intermediates 
in metal-catalyzed dehydrocoupling reactions of silanes. However, it is 
not clear in all cases (different complexes or metals) whether the silylenes 
are still trapped in the coordination sphere of the metal, or in solution. 

It should be pointed out, however, that attempts to generalize mechanis¬ 
tic arguments are questionable as long as the individual reaction kinetics 
of the systems are not known. 

An interesting contribution has been made recently by the research 
group of Tanaka, who have for the first time isolated the derivative of a 
silylene complex that is functionalized at the silicon atom in the coordina¬ 
tion sphere of the transition metal (Section II,B). 

A reaction of particular value for synthetic purposes is the Sila-Wittig 
reaction of silanediyl complexes. The physical properties (solubility, etc.) 
of the single components allow the generation of the highly reactive 
[Me 2 Si=Cr(CO) 5 ] complex at low temperatures and its further derivatiza- 
tion reaction with organic carbonyl compounds. The reaction with di¬ 
methyl carbonate (DMC), for instance, yields hexamethyltrisiloxane and 
the dimethoxycarbene complex (MeO) 2 C=Cr(CO )5 as final products. 
NMR-spectroscopic data clearly show a DMC ^ Me 2 Si=Cr(CO )5 adduct 
as intermediate: 

[Me.SMCrlCO),] + (MeO) 2 CO ^ (MeO).C=Cr(CO), + ^(Me.SiO) 3 . (18) 

It is not to be expected that polar silicon element double bonds react 
according a concerted cycloaddition mechanism! 

A similar Sila-Wittig reaction has been observed recently between ace¬ 
tone and the complex THF-^Ph 2 Si=Ru(CO) 4 . Investigations on Sila- 
Wittig reactions will be pursued further, particularly with respect to stereo¬ 
selective or asymmetric syntheses (4b), 

2. Reactions of Silylene Complexes with Retention of the Metal Silicon Bond 

Silylene complexes with two intramolecular donor functions have a C 2 - 
symmetric conformation in solution. This situation may provide a basis 
for reactions with asymmetric reagents at silicon to give access to chiral 
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silyl metal complexes with an enantiomeric excess of one distinct enanti¬ 
omer. The introduction of asymmetric reagents has not been verified 
experimentally so far, but the generation of chiral products has been 
proven by most simple reactions like the addition of water to the chromium 
silicon double bond (41) (Scheme 4). 



The complex obtained has the structural characteristics of a silylchro- 
mium metallate. The immobilization of silylene complexes on (silica gel) 
surfaces is discussed in Section II,E,8. This reaction opens up a completely 
new route to surface-anchored chiral metal complexes, which are of enor¬ 
mous interest in heterogeneous catalysis. 


a. Si-Si bond formation reaction The role of silylene complexes in 
dehydrogenative coupling reactions is discussed in Section II.B. Particu¬ 
larly the step of Si-Si bond formation by reaction of the silylene complex 
with silanes under liberation of an oligosilane has been shown for the 
metals Pt and Fe (3d,3g,15a,25,35). 


b. Donor functionalization The dimethylamino-function in the com¬ 
plex ( 2 -Me 2 NCH 2 -C 6 H 4 ) 2 Si=Cr(CO) 5 12 can be derivatized either by pro¬ 
tonation or reaction with BFj x Et 20 ; the protonation reaction is re¬ 
versible: 


OSpo 

Si =Cr-CO 


locv 

NMes 


CO 
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12 



(19) 


The photochemically induced 1,2-shift of the donor to the metal center 
is discussed in Section II,E,7, as well as the tandem reaction of two 1,2- 
donor shifts with formation of a silylene complex containing a three- 
coordinate silicon atom. 


E. Intramolecular Base Stabilization in Silylene Complexes 

Electronic and coordinative saturation of divalent silicon(II) ligands is 
most effectively accomplished by a reversible coordination of an intramo¬ 
lecular base to silicon. Examples known so far include silanediyl com¬ 
plexes with monodentate and bidentate donor functions (Scheme 5). 



rigid dynamic 

"flip flop" 

Related silanediyl complexes of iron and manganese have been intro¬ 
duced by Corriu et aL by photochemical reaction of silyldihydrides with 
166’“-metal complexes and have been studied extensively (42). 

For silanediyl complexes and silanes with two symmetry equivalent 
intramolecular donor functions a new dynamic coordination of both donor 
groups to silicon by a “flip flop“ mechanism was observed with variable 
temperature (VT) ‘H and ^^Si NMR spectroscopy. This dynamic N-*- 
Si • • * N interaction is the basis for a variety of unexpected reactions at 
silicon, such as immobilization reactions of silylene complexes on silica 
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gel surfaces, which are a most efficient method for anchoring transition 
metal complexes on a solid support. 

1. Silanes: Fluxionality and Penta- and Hexacoordination 

Silanes with intramolecular donor functions have been investigated ex¬ 
tensively by Corriu et al. (43) and related stannanes by van Koten et 
al. (44). 

An investigation of the molecular dynamics of the silanes (2- 
Do-CH 2 -C 5 H 4 )C 5 H 5 SiCl 2 and (2-Do-CH2-C5H4)2SiCl2 (Do = Me 2 N, 
Ph 2 P) provides insight into the mechanisms of intramolecular donor coordi¬ 
nation at the silicon atom (Table IV). For the silane (Do = Me 2 N) with 
one intramolecular donor unit, a rigid pentacoordination of silicon is found 
at low temperatures (45). However, for silanes with two symmetry equiva¬ 
lent donor units, a new dynamic coordination mode is observed at low 
temperatures involving both dimethylamino-substituents simultaneously. 
For (2-Me2NCH2-Cf,H4)2SiCl2, decoalescence of the singlet for both CH 2 
units occurs at 233 K such that one well-defined AB pattern ('H NMR 
2.79, 3.38,2J('H'H) = 12.0 Hz, 4 H, 2 x CH 2 ) and one singlet (1.94 ppm, 
s, 12 H, 4 X NCHj) for all four methyl groups at the nitrogen atoms 
is seen. The signals of the N-methyl groups remain singlets because of 
fast exchange between both methyl substituents at each nitrogen atom by 
Si-N bond cleavage, rotation around the N-CH: bond, and inversion at 
nitrogen (Scheme 6). 



C2 

An estimation of the Gibbs free energy of activation from the coales¬ 
cence temperature for this process gives AGt = 46.5 (±0.5) kJ mol“‘ for 
(2-Me2NCH2-C5H4)2SiCl2. 
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TABLE IV 

Coalescence Temperatures and Gibbs Free Energies of Activation 
FOR Detachment of the Amine Donors from Silicon in Silanes and 
Silanediyl Complexes {3i) 



T, CO 

G (kJ mol-') 

(2-Me2NCH2-C6H4)C6H5SiCl2 

-60.0 

40.7" 

(2-Me2NCH2-C5H4)2SiCl2 

-40.3 

46.5'’ 

( 2 -Me 2 NCH 2 -CftH 4 )C 6 H 4 Si=Cr(CO )5 

95.1 

80.4'' 

( 2 -Me 2 NCH 2 -C 6 H 4 )Si=Cr(CO)s 

58.0 

67.1“' 


" CDCI 3 , rigid pentacoordination below T^. 

^ c/g-toluene, dynamic hexacoordination below T^.. 

‘ t/g-toluene, rigid tetracoordination below 
i/g-toluene, dynamic pentacoordination below 

The general features for flip flop coordination can be summarized: 

—Both dimethylaminomethylene units remain chemically equivalent 
below the first coalescence temperature. 

—The methyl groups at each nitrogen are interconverted rapidly by a 
mutual displacement reaction of both amine donors, which induces 
Si-N bond rupture concomitant with rotation around the CH 2 -N 
bond and inversion at one nitrogen atom. The data from VT ’H NMR 
spectra clearly show a dissociative pathway via Si-N bond cleavage 
and exclude an intramolecular mechanism {46), 

—This process does not involve any hindered rotation, since the protons 
of the CH 2 groups remain diastereotopic as long as one donor is still 
coordinated to silicon. 

—The process proceeds with retention of configuration at silicon. 

—The exchange involves a hexacoordinated transition state with each 
nitrogen atom in a trans-posiiion to chlorine (capto-dative interaction) 
as the energetically most favored situation; conformational isomers 
have not been observed (Si). 

These results are interpreted in terms of a dynamic coordination of both 
dimethylamino-substituents at silicon, one displacing the other rapidly 
through a hexacoordinated C 2 -symmetric transition state. This pathway 
transforms the pentacoordinated isomer A of the silane into A again with 
retention of configuration at silicon. 

The exchange pathway can be described (Scheme 6), starting from a 
pentacoordinate ground state, by attack of the noncoordinated dimethyl- 
amino-group on silicon through the edge of the trigonal bipyramid to form 
a C 2 -symmetric haxacoordinate transition state and formation of A again 
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by displacement of the second, coordinated dimethylamino group from 
silicon, and so on. The pentacoordinated ground state of A has been 
confirmed in the solid state by a single-crystal X-ray structure determina¬ 
tion and in solution by (VT) 'H NMR spectroscopy. 

The exchange of both amine and methylene units has also been proven 
by a 2D EXSY exchange spectrum at -52°C. Furthermore, the “^Si NMR 
shift of ( 2 -Me 2 NCH 2 -QH 4 ) 2 SiCl 2 is strongly temperature dependent, vary¬ 
ing from -30.1 ppm at room temperature to -54.5 ppm at -70°C. A 
related mechanism has been proposed recently for the dynamic donor 
coordination in hexacoordinated silanes {47). 

2 . Silanediyl Coordination Compounds Stabilized by Intramolecular Interaction 

with a Base 

The silanediyl complexes (2-Me2NCH2-C6H4)QH5Si=Cr(CO)5 11, (2- 
Me 2 NCH 2 -C^H 4 ) 2 Si=Cr(CO )5 12, and (2-Me2NCH2-4-r-C4H9-C6H3)2Si= 
Cr(CO )5 32 can be prepared by a straightforward coupling reaction of 
chlorosilanes with anionic metallates. This has proven to be the most 
effective one-step access to silanediyl coordination compounds: 

(Do-QH4)2SiCl. + Na2lCr(CO)-5]-^(Do-QH4)2Si=Cr(CO), + 2 NaCI 

(Do - 2-Me2NCH2 12, 2-Ph2PCH2 14). (20) 

A valuable alternative for the generation of formal metal-silicon double 
bonds is the reaction of 16-electron metal complexes with dihydrosilanes 
{3iJ2). This method was originally introduced by Corriu and Colomer 
(48) and has been applied for the synthesis of (2-Me2NCH2-C(,H4)HSi= 
Cr(CO )5 33: 

2-Me2NCH2-C6H4SiH3 + Cr(C0)6 

hu 

“CO/-H2 


33 

The determination of the structures of 11 and 12 in the solid state as 
well as an investigation into the molecular dynamics of the complexes in 
solution allows a detailed description of the mechanism of donor interac¬ 
tion between the base and the silicon atom. Depending on the substitution 
pattern (one or two donor units) and the temperature range, either rigid 
N ^ Si coordination or dynamic N * * • Si • • • N (flip flop) coordination 
have been observed. 


OC CO 

"Si = Cr - CO 


OC 
NMe2 


( 21 ) 


CO 
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3 . Silanediyl Complexes with One Donor Group: Rigid Coordination 

SilanediyI complexes with one intramolecular donor group generally 
show rigid coordination of the base to silicon in solution at 22°C. The 
Gibbs free energies for the dissociation of the donor are relatively high, 
with coalescence temperatures above room temperature. For example 11 
shows simultaneous coalescence of both signals of the diastereotopic 
MejN groups and the AB system of the CH, group at one temperature of 
95°C (AG$ = 80.4 (±0.5) kJ mol“‘)- However, the N-Si bond can be 
cleaved by strong donor solvents like THF, which leads to a static equilib¬ 
rium between 11 and the THF adduct 11a with the equilibrium constant 
^298 = 1-91 X 10"' 1 mol"'. From such solutions a five-coordinate donor 
adduct 11a (with THF and NMe, at silicon) has been frozen out below 
-45°C. 

A single-crystal X-ray structure analysis of 11 shows the silane diyl 
ligand coordinated to the octahedral [Cr(CO) 5 ] fragment with a bond dis¬ 
tance Cr-Si 2.409 (1) A (Fig. 5). This bond length is indicative of a signifi¬ 
cant degree of multiple bonding in (t-BuO),(HMPA)Si=Cr(CO )5 8 2.431 
(1) A, Me 2 (HMPA)Si=Cr(CO )5 9 2.410 ( 1 ) A, and Cl, (HMPA)Si= 
Cr(CO)<i 10 2.343 (1) A. Representative Cr-Si single bond lengths are 
2 .4-2.7 A (3g). An ab initio calculation by Nakatsuji et al. for H(HO)Si= 
Cr(CO )5 gives 2.40 A for a Cr=Si double bond (39b) \ an ab initio calcula¬ 
tion recently performed by Gordon et al. yields 2.45 A for the system 
[Cr=SiH 2 ]^ {39a,39b). 



Fig. 5. ORTEP view of (2-Me2NCH2-QH4) (C 6 H 5 )Si=Cr(CO )5 11. Important bond dis¬ 
tances in angstrom: Cr-Si 2.409 (2), Si-N 1.991 (2). Sum of bond angles at Si: 347.8°. 
Reprinted with permission from Handwerker et al. {3i). Copyright (1993) American Chemi¬ 
cal Society. 
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The N-Si bond distance in 11 is 1.991 (2) A, which is fairly long and 
out of the range of covalent bonding [1.65-1.85 A (49)]. A further indicator 
for the magnitude of interaction of the base with the '‘silanediyl’’-silicon 
atom is the sum of bond angles of the three covalently bonded substituents 
at silicon, which amounts to 347,8°. Both angles Cr-Si-Cll of 120.2 
(1)° and Cr-Si-C21 of 121.3 (1)° are close to 120°, whereas the angle 
Cl 1-Si-C21 of 106.3 ( 1 )° between the phenyl rings is similar to that calcu¬ 
lated for the free silanediyl (50). 


4 . Silanediyl Coordination Compounds with Two Nitrogen Donors at Silicon: 

Dynamic Flip Flop Coordination 

Introduction of two dimethylamino donor group results in dramatic 
changes of the coordination mode, coordination geometry, and molecular 
dynamics of the complexes. Data from VT' H NMR spectroscopy in CDCI 3 
give clear evidence for three different coordination modes in different 
temperature ranges (57). Below ”2rC, an asymmetric coordination of 
one dimethylamino-substituent to silicon is observed for 12, Above - 2rC 
(coalescence) a dynamic coordination of both amine donor units to the 
silicon atom occurs, which is indicated in the ‘H NMR spectra by a singlet 
for all four methyl substituents at nitrogen and an AB pattern for the 
methylene —CH 2 — units. The dynamic coordination of both nitrogen 
donors displacing each other rapidly on the NMR time scale takes 
place in a temperature range between -IVC and 58°C and proceeds 
through a pentacoordinate C 2 -symmetrical transition state at silicon. The 
Gibbs free energy of activation for this process is AGt = 54.4 (±0.5) kJ 
mol"'. Inversion at nitrogen and rotation around the C-N bond leads to 
the chemical equivalence of both methyl groups at N. Also in this case, 
the assumption of hindered rotation of the dimethylaminophenyl substitu¬ 
ents is possible, but is a priori not necessary, since the protons and 
Hg of the CH^Hb groups remain diastereotopic as long as one donor unit 
is still coordinated to the (asymmetric) silicon atom. However, cleavage 
of all donor ^ silicon bonds occurs above 58°C (coalescence of the AB 
system of the CH 2 units, ^^Si NMR low field shift to 138.8 ppm) with 
formation of an essentially three-coordinated silicon atom (52): 



NMe2 

0 ( “ 


Si = Cr - CO 

NMe, 


58'C 


( 22 ) 
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Accordingly, the ^’Si NMR signals for 12 vary strongly with temperature 
from 8 120.9 ppm at - 40.0‘’C for the rigidly tetracoordinated form, through 
8 124.9 ppm at 22.0°C for the dynamical flip flop coordination, to 8 138.8 
ppm above 58.0‘’C for the three-coordinated system. 

A further example of a silanediyl complex with dynamic reversible 
intramolecular base (flip flop) coordination is provided by the t-butyl com¬ 
pound (2-Me2NCH2-4-t-C4H9-QH3)2Si=Cr(CO)5 32. The complex shows 
analogous temperature-dependent behavior in the VT ‘H NMR spectrum 
with a singlet for the dimethylamino-substituents at 22°C and an AB system 
for the CH 2 bridge at 22‘'C, with ^J('H'H) = 12.2 Hz (C 2 CI 2 ). Coalescence 
of the AB system is observed at 61°C, which represents a Gibbs free 
energy of activation of AGt = 70.1 (±0.5) kJ mol"'. 

A single-crystal X-ray structure determination of the silanediyl complex 
12 confirms the results obtained spectroscopically and provides informa¬ 
tion on the molecular structure of 12 in the solid state (Fig. 6). The complex 
is monomeric and the silanediyl ligand is coordinated to the octahedral 
chromium fragment with a short Cr-Si bond length of 2.408 (1) A, which 
is similar to the one observed for 11, indicating a considerable degree of 
multiple bonding. The Nl-Si bond distance of 2.046 (2) A is typical for 
a partially covalent interaction and somewhat shorter than in the penta- 
coordinated silane ( 2 -Me 2 NCH 2 -C 4 H 4 ) 2 SiCl 2 (2.291 (2) A), but clearly 



Fig. 6. ORTEP view of (2-Me,NCH2-C4H4),Si=Cr(CO)512. Important bond distances 
in angstrom; Si-Cr 2.408 (1), Si-N 12.046 (2); sum of bond angles at silicon; 351.3”. Reprinted 
with permission of Probst el al. (3/). Copyright (1991) VCH-Publishers. 
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much longer than in any comparable silanediyl complex and out of the 
range of covalent bonding. The Gibbs free energy of activation for the 
dissociation of the Si-Nl bond is AGt = 67.1 (±0,5) kJ mol"^ Further¬ 
more, the UV spectrum of 12 also shows an unprecedented large batho- 
chromic shift of = 274 nm compared to the absorption of known 
HMPA adducts of silanediyl complexes. This band is assigned to the 
77 77 * transition of the Cr=Si double bond. 

The environment around the silicon atom is only slightly pyramidalized, 
with the sum of the bond angles of the three covalently bonded substituents 
around Si of 351.3°, which is close to 360°. This geometry points toward 
planarization at silicon, particularly considering the fact that similar pyra- 
midalization effects are observed for three-coordinate silicon in the crystal 
structures of disilaethenes (7). 

The second dimethylamino unit in 12 is also directed toward the silicon 
atom, but with a nonbonding distance of 3.309 A being representative of 
only a weak van der Waals interaction. 

5 . Phosphino-siibstituted Silylene Complexes 

A particularly important piece of evidence in the chain of proof for 
the flip flop coordination mechanism is provided by the phosphino-substi- 



Fig. 7. Structure of (2-Ph2PCH2-QH4)2Si=Cr(CO)5 14. Important bond distances in 
angstrom: Cr-Si 2.413 (1), Si-Pl 2.380 (I). Sum of bond angles at silicon 352.1°. Reprinted 
with permission of Handwerker et aL (55). Copyright (1993) VCH-Publishers. 
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tuted silylene complexes ( 2 -Ph 2 PCH 2 ~C 6 H 4 ) 2 Si=Cr(CO )5 14 and (2- 
Ph 2 CH 2 -C 6 H 4 )( 2 -Me 2 NCH 2 -C 6 H 4 )Si=Cr(CO )5 34. In the solid state, the 
silicon atom of 14 shows a weak asymmetric coordination to one of the 
phosphino-units (Si-Pl 2.380 (1) A, The second distance Si-P2 3.725(1) 
A is nonbonding. Thus, a Cr—Si bond distance of 2.413 ( 1 ) A is found 
with a sum of bond angles of the three covalent substituents at silicon of 
352. r (Fig. 7). It is interesting to note that the cross-polarized magic 
angle spinning (CP-MAS) ^'P NMR powder spectra of 14 show both 
phosphorous atoms with strongly different NMR shifts at -5.3 and 19.6 
ppm (Fig. 8 ). 

In solution, a totally different situation occurs: Both diphenylphosphino- 
methylphenyl substituents at the silicon atom are now chemically equiva¬ 
lent with a singlet at 1.8 ppm in the ^'P NMR spectrum, an ABX system 
for the CH 2 groups, and a triplet for the “‘^Si NMR signal at 73.2 with 
ij(3ip29si) - 17 5 Hz. However,the NMR spectrum of the (QH 5 ) 2 P 
rings shows two distinct sets of signals due to the two diastereotopic 
substituents at each phosphorus atom. The NMR data clearly show the 
retention of the tetrahedrally coordinated polyhedron at phosphorous, 
i.e., a flip flop coordination without inversion at phosphorus. 

6. Flip Flop Coordination: General Comments 

Flip flop coordination describes the dynamic coordination mode of two 
symmetry equivalent donor ligands to an electron-deficient central atom. 



Fig. 8. CP-MAS ^'P NMR of (2-Ph2pCH2-C6H4)2Si—Cr(CO )5 14. Reprinted with permis¬ 
sion of Handworker et al. (55). Copyright (1993) VCH-Publishers. 
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A prerequisite for a dynamic flip flop coordination mode is a geometry of 
two identical donor ligands, which allows mutual displacement reactions. 
In the observed cases, the dynamic displacement process proceeds 
through a C 2 -symmetrical transition state, transforming two degenerate 
asymmetric ground states into each other. The Gibbs free energy for the 
activation of the flip flop process for 12 is 54.4 kJ mol"' (13.0 kcalmol"'). 
The conformation of the respective ground state is precisely known from 
the results of single-crystal X-ray structure determinations of (2- 
Me 2 NCH 2 -QH 4 ) 2 SiCl 2 and ( 2 -Me 2 CH 2 -C 5 H 4 ) 2 Si=Cr(CO) 512 . 

In the cases investigated, flip flop coordination of the complexes is 
observed in a temperature range near room temperature, which clearly 
allows inversion at the nitrogen atom. Thus, a mechanism is proposed 
whereby a simultaneous N ... Si ... N bond formation and rupture 
process, which is coupled with the inversion at nitrogen, occurs (11,53) 
(Scheme 7). 




N-Si 2.046(2) 

N-Si 3.309(2) 


67.1 kJ mor' 



A similar observation has been made recently by van Koten and Jas- 
trzebski for the Sn(IV) cation in (2-5-bis-dimethylaminomethylphenyl)- 
methylphenyltinchloride. Here too, a separation between the Sn-N bond 
cleavage process (which leads to inversion of the geometry at Sn) and 
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rotation around the C-C bond was possible. This process of Sn-N bond 
formation and rupture takes place up to 70°C and may also be described 
by a dynamic bond with a flip flop coordination mode {44). Further cases 
seem to be present in the systems ( 2 “Me:,NCH:,-C 6 H 4 ) 2 Sn=W(CO )5 and 
(2-Ph2PCH2-Ce,H4)2Sn=W(CO)5 {54). 

7. Reactions of Silylene Complexes with an Intramolecular Donor 


a. Donor functionalization The derivatization of 12 with electrophiles 
E (either or BF 3 ) allows the selective blocking of one amine unit. 
Notably the protonation reaction is reversible and allows the on and off 
switching of the dynamic flip flop coordination in 12 : 


1^63 

Si =Cr-CO 

NM«, 


- 2 fC 



-2t*C 


OCi 


NM62 

SI =Cr-CO 


NMe, 



b. Photochemical activation of the donor: f 2-Amine shift Besides 
chemical derivatization reactions discussed in the previous section, the 
amine donor in 12 can also be activated by a highly selective photolysis 
reaction of the complex at 254 nm, which induces loss of CO and a 1 ,2- 
shift of one amine donor substituent from silicon to the metal to form ( 2 - 

Me2NCH2-Ce,H4)(2-Me2NCH2-C6H4)Si=Cr(CO)413: 


NMe2 
OC CO 
Si = Cr - CO 

NMC2 “ 






NMe2 

\ CO 
Si = Cr - CO 
OC ^ 


NMe. 


CO 


(24) 


12 


13 
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This process also takes place in a topochemical solid-state reaction, simply 
by UV irradiation of crystals of 12 or 32. 

The results from an X-ray structure analysis of 13 are shown in Fig. 9. 
A Cr-Si bond length of 2.3610 (4) A is found, which is the shortest so far 
observed for silanediyl complexes of chromium. This bond-shortening 
effect is caused by the increased electron density at the chromium atom 
due to the amine ligand and leads to a stronger metal silicon-bonding 
interaction by either covalent and dipolar contributions. 

The N-donor ligand is coordinated slightly more strongly to the silicon 
atom in complex 13 than in 11, which is indicated by a shorter Nl-Si 
bond of 1.981 (1) A (13) compared to 11. The sum of bond angles at silicon 
amounts to 342.9°. The N-Cr bond length (2.291 (1) A) lies in the expected 
range for N-Cr bonds of amine complexes as do the Cr-C (1.815 (2) 
A- 1.869 (2) A) bonds of the carbonyl ligands. The Cr-C3 bond of the CO 
ligand trans to nitrogen is slightly shortened (1.815 (2) A) compared to 
the c/j-COs (3/). 

c. Immobilization of silylene complexes on a silica surface A particu¬ 
larly interesting method involves the anchoring of silylene complexes on 
a silica gel surface. The fixation of 12 and 32 occurs quantitatively at room 
temperature within a few minutes and gives immobilized silyl-chromium 
complexes. IR spectroscopy of (2-Me2HN'^CH2-C(,H4)(2-Me2NCH2- 



Fig. 9. ORTEP view of (2-Me2NCH,-C6H4)(2-Me2lVCH2-QH4)Si=c!r(CO)4 13. Im- 
portant bond distances in angstrom: Cr-Si 2.3610 (4), Si-Nl 1.981 (1). Sum of bond angles 
al Si 342.9®. Reprinted with permission of Handwerker et al. Oi). Copyright (1993) American 
Chemical Society. 
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C 6 H 4 )Si(silica)Cr(CO) 5 ' 35 shows bonding of the complex to the support 
by a Si-0 linkage 1082 cm”') and protonation of the amine function 
(i'nh 2610 cm”') as well as an intact CrCCO), unit: 


(2-Me2NCH2-CeH«)2Si=Cr(CO)s + silica 


-f- 

NHMcj 


OC CO 
- 1? 

CO-Cr-Si 
4 i ; 

OC col 
0 

I NMe; 

y7?7777/777?7^///77?/77/7/7?f^ 


iP 



(25) 


A CP-MAS NMR spectrum of 35 provides further evidence for the 
binding of 12 to the surface (Fig. 10). The resonances of the methyl- 
and methylene carbon atoms are clearly visible and their chemical shifts 
correspond well to the values measured in solution. The signals of the 
phenyl carbon atoms show the typical shift anisotropy observed for aro¬ 
matic ring systems. Furthermore, reactions of the complexes with buck- 
minsterfullerene Qo are of interest and should be explored in the future. 

d. Reactions of silylene complexes with oxygen-containing nucleo¬ 
philes Silylene complexes with dynamic donor groups are particularly 
susceptible to reactions with nucleophiles. Reaction of 32 with one equiva¬ 
lent of water, for instance, leads to displacement of both nitrogen donors, 
protonation of one nitrogen atom, and formation of a hydroxysilyl complex 
(2-Me2HN^CH2-4-^C4H9-C6H3)(2-Me2NCH2-4-^C4H6-C6H3)Si(OH)Cr 
(CO) 5 ^ 36. The spectroscopic parameters of 36 show a close similarity to 
the surface-bound complex 35, which allows the assumption of similar 
structures for 35 and 36. 

A single-crystal structure analysis of 36 gives a Cr-Si bond distance of 
2.469 (2) A, which is still short in comparison to bond lengths of base- 
stabilized silylene complexes (Fig. 11). This bond shortening is presumably 
due to relatively strong dipolar effects. In contrast to donor adducts of 
silylene complexes, the Si-06 bond distance is clearly in the range of 
covalent bonding (1.695 (3) A) and the coordination geometry at silicon 
deviates only slightly from an ideal tetrahedron (sum of bond angles 
Cr-Si-ClOl, Cr-Si-C201, C101-Si-C201: 334.4°). Both nitrogen atoms 
of the dimethylamino-units are directed toward oxygen 06 by hydrogen 
bonding, N2-H61 • • • 06 and N1 • ♦ • H62-06, respectively. It should 
be pointed out that 36 is a chiral reaction product (R-enantiomer) of C 2 - 
symmetric 32. 
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200 100 0 ppm 

Fig. lO. CP-MAS NMR of (Me 2 HN^CH 2 -C 6 H 4 ) (Me 2 NCH 2 -C 6 H 4 ) (silica) 
SiCr(CO) 5 ^ 35. Reprinted with permission of Handwerker et al. (Si). Copyright (1993) Ameri¬ 
can Chemical Society. 



Fig. 11. SCHAKAL view of R-( 2 -Me 2 HN^CH 2 - 4 -r-C 4 H 9 -C 6 H 3 )( 2 -Me 2 NCH 2 - 4 -/- 
C 4 H 9 -C 6 H 3 ) (HO)SiCr(CO) 5 “ 36. Important bond distances in angstrom: Cr-Si 2.469 (2), 
Si-06 1.695 (3), Sum of bond angles at Si 334.4°. Reprinted with permission of Handwerker 
et al. (31). Copyright (1993) American Chemical Society. 
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e. Tandem reaction: Access to metal-silicon double bonds The facile 
photochemical activation reaction of metal-coordinated carbonyls allows 
the 1,2-shift of both donor units to the metal. The amine complex obtained 

(2-Me2NCH;-QH4)(2-Me; NCH;-QH4)sl^ r(CO)3 37 is kinetically la¬ 
bile, but has been trapped with triethylsilane and various alcohols: 

(2-Me2NCH:-C6H4)2Si=Cr(CO)5 

12 

(2-Me2NCH2-C6H4)(2-Me2NCH2-C^H4)Si=Cr(CO)4 + CO 

13 

(2-Me; NCH2-Ct,H4)(2-Me;NCH2-C6H4)si^ r(CO)3 + CO (26) 



OCTr 


Si =Cr-CO 

!oc*\ 

PPh, CO 


hv 


-CO 




(27) 


The bisphosphine complex (2-Ph2PCH2-QH4)(2-Ph2 PCH2-CfeH4)Si=(2 r 

(CO )3 38 is stable and shows a trans geometry of both phosphine ligands 
with a meridional arrangement of the three CO groups. The complex has 
been characterized spectroscopically (^’Si NMR 159.7 ppm) (55). 


F. A Salt Adduct of the Metal-Silicon Double Bond 

A salt adduct of a neutral silanediyi complex has recently been obtained, 
(/-Bu) 2 Si=Cr(CO )5 x NaOTf 15, with sodium triflate (trifluorosulfonate) 
loosely coordinated to bis-/err-butylsilanediyl chromium pentacarbonyl. 

NMR-spectroscopic investigations indicate rapid exchange of the triflate 
in solution, even at low temperatures. Furthermore, the triflate is displaced 
by THF, which does not exchange. The reactivity of the complex is 
the subject of current investigations; however, di-/err-butylsilanediyl is 
eliminated from the metal under CO pressure or by addition of an excess 
of pyridine and forms hexa-/er/-butylcyclotrisilane. Thus, 15 allows a 
facile synthesis of cyclotrisilanes; 
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Do 


OC CO Do 

OC-Cr=SH“ 

A V 

OC CO 


l_ l_ Do = HMPA 

/No" 

pyr/CO CO 

OC - Cr = S*— 1 “ -► OC - Cr — pyr/CO 

A \ -NoOTf A 
OC CO OC CO 


THF 


1/3 


X X 

>Si 

X / \ X 

^Si-Si 

X X 


(28) 


A single-crystal X-ray structure determination gave a Cr-Si bond distance 
of 2.475 (1) A in 15. The distance Si-07 is 1.857 (3) A and the sum of 
bond angles at the silicon atom amounts to 349.5° (Fig. 12). 

The molecule forms polymeric chains in the crystal with sevenfold 
coordinate sodium atoms (coordination to the COs of three different com¬ 
plexes and the O atoms of two different triflate groups and to two THF 
molecules). This chain structure is solvated in solution (Fig. 13). 

The structure of the HMPA adduct (r-Bu) 2 (HMPA)SiCr(CO )5 7 allows 
a comparison with the structure of 15 and shows a significantly elongated 



Fig. 12. Molecular structure of (t-C 4 H,) 2 Si=Cr(CO)s NaOTf 2 THF 15. Important bond 
distances in angstrom: Cr-Si 2.475 (1), Si-06 1.857 (3). Sum of bond angles at Si 349.5° (56). 
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Fig. 13. View of the elemental cell of (/-C 4 H,);Si=Cr(CO )5 x NaOTf x 2 THF 15 
showing a chain structure. For details refer to the text (56). 


Cr-Si bond length of 2.521 (1) A. This effect is due to electronic, but 
partially also to steric, interactions in the extremely crowded molecule. 
The Si-06 bond distance is 1.787 (1) A, and the sum of bond angles at 
silicon is 340.7° (Fig. 14) (56). 


G. Base-Free Silylene Complexes 

A silylene complex with a three-coordinate silicon atom, Cp* 
(Me 3 P) 2 RuSi(STol)=Os(CO )4 39, has been synthesized recently and char¬ 
acterized by a single-crystal X-ray structure analysis and has a Os-Si 
bond distance of 2.419 (2) A (equatorial silylene ligand) and a Ru-Si bond 
length of 2.286 (2) A. The sum of bond angles at Si is 360.1° (57). 

Also the cationic silylene complex [fra«s-(Cy 3 P) 2 (H)Pt=Si(SEt) 2 ]^ 
BPh 4 “ 40 has a three-coordinate silicon atom (summation of angles at 
silicon 359.9°) and a Pt-Si bond length of 2.270 (2) A, which is short in 
comparison to the related complex fra/i5-(Cy3P)2Pt(H)Si(SEt)3 [2.379(1) A 
(Fig. 15]. The Si-S distances are unusually short [2.092 (4) and 2.074 (4) 
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Fig. 14. Molecular structure of (f-C 4 H 9 ) 2 (HMPA)Si=Cr(CO )5 7, Important bond dis¬ 
tances in angstrom: Cr-Si 2.527 (1), Si-06 1.777 (1). Sum of bond angles at Si 340.7° (56). 


A] and may be ascribed to some degree of tt bonding. The plane of the 
silylene ligand is rotated 76'' out of the least-squares plane of platinum 
donor atoms (55). 

Further examples for a three-coordinate silicon atom in silanediy 1-coor¬ 
dination compounds are given in this article. 



Fig. 15. ORTEP view of the cation of (/rfl/i5-(Cy3P)2(H)Pt=Si(SEt)2]BPh4 x CH 2 CI 2 40. 
Important bond distances in angstrom: Pt-Si 2.270 (2), Si-Sl 2.092 (4), Si-S2 2.074 (4). 
Sum of bond angles at Si 359,9°. Reprinted with permission of Grumbine et al, (57). Copyright 
(1993) American Chemical Society. 
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The complex 41 is formed by O attack of the silane at a coordinated 
CO ligand, which induces an electron transfer from Mn to the C atom of 
the CO ligand under formation of a 17e"-siloxycarbyne complex and a 
polymeric Mn(II) complex. The initially formed complex [T}^MeCp(CO)M- 
n=COSiH(t-Bu) 2 ] dimerizes to the closed-shell species under exclusive 
formation of the c w-isomer (‘^C NMR of ^L-C - 402.1 ppm). The molecule 
has the bonding characteristics of a ^i-carbyne complex with Mn-C 1.857 
(2) A and a Mn-Mn' bond of 2.565 (1) A (Fig. 16). The four-membered 
ring is folded along the Mn-Mn' axis by 18.45°. This geometry allows the 
two carbyne C atoms to come into proximity [nonbonding distance 2.662 
(2) A] , which is essential for the observed CC-coupling reaction of the two 



Fig. 16. ORTEP view of (r)'-H 3 CC 5 H 4 ) (COIMnoTcOSiHU^QH^W^ntCO) (t)’- 
H3CC5H4) 41. Important bond distances in angstrom: Mn-C 15 (carbyne) 1.857 ( 2 ), Mn-Mn' 
2.565 (1). Reprinted with permission of Handwerker et al. (59). Copyright (1993) American 
C .emical Society. 
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carbyne units to give disiloxyacetylene (Fig. 17). As a further elimination 
product, the disilyl peroxide (r-Bu 2 HSiO )2 is found. Both processes are 
related to reactions of CO on metal surfaces, for which CC coupling and 
CO dissociation are known: 



(30) 


t-BujSiHO - C = C - OSiH-t-Buj 


+ 

t-BujSiHO-OSiH-t-Bu2 



Fig. 17. Side view of (CO)Mn(/x-COSiH(/-C 4 H 9 ) 2 ) 2 Mn(CO) (r^‘'-H 3 CC 5 H 4 ) 

41 projected on the Mn-Mn' bond. The folding of the melallacycle is 18.45°. Reprinted with 
permission of Handwerker et al, (59). Copyright (1993) American Chemical Society. 
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IV 

CYCLIC SILYLENE COMPLEXES 

Iron (Fp) derivatives of polysilanes undergo photochemical deoligomeri¬ 
zation reactions to yield monosilyl-iron complexes. Furthermore, migra¬ 
tion of the silyl side chain from iron to the cyclopentadienyl ligand occurs 
by treatment with «-butylithium; the latter reaction has also been observed 
for a series of related indeny 1-iron complexes (60). 

The investigation of the photochemical deoligomerization reaction of a 
variety of polysilyl-Fp complexes provided evidence for a silylene expul¬ 
sion process (6/). The mechanism of this reaction has been clarified by 
matrix experiments that proved an iron-silylene complex as intermedi¬ 
ate (62). 

Stable cyclic silylene complexes could be obtained by the introduc¬ 
tion of an intramolecular oxygen-containing donor function. For 

the complexes [(i 7 ^-C 5 Me 5 )Fe(CO)SiMeOMe-/i.-OMe-Silile 2 ] 23 (6i) and 

I-1 

[(CO) 4 MnSiMe 2 -/x-OMe-SiMe 2 ] 24, single-crystal X-ray structure determi¬ 
nations have been undertaken (,7b): 

CpT*(C0)r-SIMe^-SIMe(0M«)2-^-» 

(31) 

— CH, 

The chemistry of these compounds is virtually unknown to date. The 
stereochemical behavior of alkoxy-bridged silylene-germylene iron com¬ 
plexes has been investigated in detail, however, and gives evidence for a 
ring opening and closure process via a germylene intermediate, with 
AG$ = 62 kJ mol”' for the methyl derivative (7d-7f). 



V 

DONOR-STABILIZED SILYLYNE COMPLEXES 

The first formal silylyne complex, the cationic cyclic /x-(SiR) derivative 
[Cp 2 Fe 2 (CO) 3 (/i.-Si-r-Bu) x NMI]"^ 1“ 30 (NMI = iV-methylimidazole) 
was obtained by a displacement reaction of iodide by NMI from a neutral 
cyclic silylene complex (12). The Fe-Si bond distance of 30 is 2.262 (2) 
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Fig. 18. ORTEP view of [Cp.Fe. (CO) 3 (/x-Si-/-C 4 H 9 ) x NMIJI30 (NMI is N-methylimid- 
azole). Imporlanl bond distances in angstrom: Fe-Si 2.262 (2), Si-N 1.885 (7). Reprinted 
with permission of Ogino et al. {12). 


A; the Si-N distance is only a partly bonding of 1.885 (7) A, The -^Si 
NMR signal of 30^ x CH 3 N appears at 251.5 ppm (Fig. 18): 


I " 



30 

NMI = N-Methylimidazole 


A silylyne complex with a formally terminal =SiR unit [Cp*(Me 3 P) 2 Ru“ 
Si(bipy)STol]^^ 2 CF 3 S 02 ~ 42 has been synthesized by displacement reac¬ 
tion of triflate with bipyridine. The Ru-Si bond length in the complex is 
2.269 ( 5 ) A, with the distances Si-Nl 1.91 ( 1 ) and Si-N ( 2 ) 1.95 ( 1 ) A: 
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2 + 



Attempts to reduce the phenanthroline analog of 42 with Na/Hg lead 
to the reductive coupling of two complexes via the C atoms of the phenan¬ 
throline units. The product has been characterized by a preliminary X- 
ray crystal structure determination (/i): 



VI 

SILAETHENE COMPLEXES 


The first silaethene complex was characterized by Wrighton et al. in a 
matrix {8a). Stable complexes were finally obtained with the Ru complex 

Cp*(/-Pr 3 P)HRuCH^iPh 2 26 and the Ir compound Cp*(Me 3 P)IrCH 2 SiPh 2 
43 (Si-C 1.810 A, sum of C-Si-C bond angles at Si 341°) (6). The synthesis 
of these complexes was performed by an analogous method to Wrightons 

r-1 

original route to CpH(CO)FeCH 2 Si Me 2 by photochemical CO cleavage 
from the precursor complex and insertion of the 16^-metal fragment into 
the Si-H bond. 
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These complexes should have an interesting chemistry, which has yet 
to be explored. Furthermore, the compounds are important in the context 
of catalytic carbosilane formation and polymerization reactions. 

Berry et al, recently isolated a stable silaethene complex of tungsten 

Cp 2 WCH 2 SiMe 2 25. An X-ray structure determination revealed the bond 
distances’W-Si’ 2.534 (2) A, W-C 2.329 (7) A, Si-C 1.800 (8) A, with a 
distorted (348.0°) tetrahedral coordination sphere at the silicon atom. The 
(DEPT)--’Si NMR shift is -15.7 ppm with 'J('“W’Si) = 57.1 Hz. The 
complex shows interesting reactions with ethylene, phosphine, MeOH, 
HX, etc., some of them undergoing ring slippage of the Cp ring. These 
have been summarized recently (6). 


VII 

SILAIMINE COMPLEXES 

-1 

The first T>--silaimine complex Cp 2 (Me 3 P)ZrN(/-Bu)SiMe 2 27 has re¬ 
cently been prepared by Berry and co-workers by addition of LiCHjSiMe^ 
to Cp 2 ZrIN-/-BuSiMe 2 H in the presence of MejP, followed by the elimina¬ 
tion of SiMe 4 from Cp 2 Zr(CH 2 SiMe 3 )(N-/-BuSiMe 2 H). A single-crystal X- 
ray structure determination shows a short Zr-Si bond of 2.654 (1) A and 
a long Si-N bond of 1.687 (3) A. The compound is highly reactive; the 
reactions have been partly summarized (6,9). Related systems should 
have an enormous potential, especially for the catalytic polymerization 
of monomeric SiN precursors and the design of new ceramic materials. 


VIII 

DISILAETHENE COMPLEXES 

Disilene complexes have been observed at low temperatures in solution 
as intermediates of the reaction of Hg(CF 3 COO )2 with Mes 2 Si=SiMes 2 
and c’w//ra/j5-r-BuMesSi=SiMes-/-Bu. The complexes decompose under 
expulsion of Hg and stereoselective formation of the silanes R,R/S,S; 
R,S/S,R CF 3 COO(/-Bu)MesSi-SiMes(/-Bu)OOCF 3 (/Oa). Furthermore, 
stable TT complexes of Mes 2 Si=SiMes 2 from reactions with Pt(Et 3 P )3 have 
been reported {lOb). The results of an X-ray structure analysis of a stable 

P-1 

disilaethene complex of tungsten Cp 2 WSiMe 2 SiMe 2 by Berry et al. show 
a bond distance W-Si of 2.606 (2) A and a Si-Si bond length of 2.260 (2) 
A (lOd). This compound is interesting starting material for reactivity stud- 
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ies on coordinated disilenes, inclusive catalytic reactions, and reactions 
for the formation of new polymeric materials. 


IX 

SILATRIMETHYLENEMETHANE COMPLEXES 

A V complex of silatrimethylenemethane {Mes 2 SiC[CH(r-Bu)]CH 2 } 
Fe(CO )3 29 was synthesized by Ando and co-workers by reaction of a 
silirane with diironenneacarbonyl. The silatrimethylenemethane ligand is 
coordinated in a 17 "* mode to the Fe(CO )3 unit with a Fe-Si bond distance 
of 2.422 ( 2 ) A and a Si-C bond length of 1.899 ( 8 ) A. The coordination 
geometry at the central C atom is slightly pyramidalized so that the ligand 
has an umbrella-like shape (//). 


X 

METALLASILAALLENES 

Silaallene systems have been sought for a long time. Some reaction 
products of lithium organyls RLi with siladiimide, siladiphosphide, and 
silaallene have been characterized by spectroscopic methods {64). With 
the complexes (CO) 4 M=Si(HMPA) 2 =M(CO )4 (M = Fe 16, Ru 31) the 
isolation and structural characterization (for M = Fe) of a HMPA adduct 
to a ferrasilallene has been undertaken with Fe-Si bond lengths of 2.339 
( 1 ) A and 2.341 ( 1 ) A and a Fe-Si-Fe bond angle of 122.6 ( 1 )°, The Si -0 
distances are 1.745 (7) and 1.748 (3) A with a bond angle OI-Si -02 of 
92.1 (1)°. These features support a description of the system as a base 
adduct of metallasilaallene, with the [(OC) 4 Fe=Si=Fe(CO) 4 ] unit being 
isolobal to H 2 C=C=CH 2 . The silicon atom can formally be considered 
as zero valent. A qualitative description of the bonding in [(CO) 4 M=Si= 
M(C 0 ) 4 ] (M = Fe, Ru) requires interaction of two occupied j'p-hybridized 
(a) orbitals at silicon(O) with an empty (a) orbital of the two Fe(CO )4 
units and a dative interaction from each Fe(CO )4 fragment via occupied 
and dy^ (b) orbitals of the metal with two empty p (b) orbitals at silicon. 
The electronic and coordinative unsaturation of this linear array leads to 
the coordination of two additional donor molecules (Fig. 19). 

An exploration of the chemistry of these complexes (source of Si) will 
be of great interest {14). 
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Fig. 19. ORTEP view of (CO) 4 Fe=Si (HMPA) 2 =Fe(CO )4 16. Important bond distances 
in angstrom: Fel-Si 2.339 (1), Fe2—Si 2.341 (1), Si—01 1.745 ( 2), Si-02 1.748 (3). Bond 
angle Fel-Si-Fe2 122.6 (I)°, Ol-Si-02 92.1 (1)°. Reprinted with permission from Zybill et 
al. U4). 


XI 

PROSPECTS 

Since the first discovery in 1987, silaorganometallic chemistry with 
subvalent silicon ligands has developed almost explosively and the number 
of publications and scientific meetings related to this subject is still increas¬ 
ing exponentially. Nevertheless, only the first basic principles have been 
revealed so far and numerous surprising new molecules, reactions, etc., 
are still likely to be discovered. Silaorganometallic chemistry is extraordi¬ 
narily important since it provides a missing link between the traditional 
areas of organic and inorganic chemistry. The implications for material 
science, microelectronics, and surface science are numerous and are al¬ 
ready beginning to take shape. 
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I 

INTRODUCTION 

This review is intended to cover developments in organolanthanide 
chemistry since the review by Evans (7) in 1985. A number of general 
(2,3) as well as more specialized reviews on organolanthanide chemistry, 
including low-oxidation-state lanthanides (4), thermochemistry (5), bond¬ 
ing (6), C-H activation (7,5), and structural trends in bis(C 5 Me 5 ) lanthanide 
complexes (9) have appeared in this period. A recent volume of Inorganic 
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Synthesis (10) covers the preparation of a range of useful organolanthanide 
starting materials. As well as the lanthanides, this review covers, where 
appropriate, relevant organoscandium and organoyttrium chemistry. 
These metals often display analogous chemistry and for comparison 
purposes, particularly in (C 5 Me 5 ) 2 MR chemistry, are included in the scope 
of this review. Although of undoubted importance, solid-state lanthanide 
chemistry (11), as well as the gas-phase reactivity (12) of lanthanide ions 
with small molecules and lanthanide metals intercalated in fullerenes 
(13), are considered to be outside the scope of this review. 

The lanthanide metals are characterized by high electropositivity (hence 
electrophilicity) and the ability to support high coordination numbers (8 
to 12) and coordinative unsaturation. The 4/ valence orbitals of the lan¬ 
thanides probably do not protrude significantly beyond the filled 5s^ 5p^ 
orbitals. As a consequence of this limited radial extension, their interaction 
with ligand orbitals is less than that in transition metal chemistry. For 
this reason, the chemistry of the lanthanides is predominantly ionic, and 
governed more by electrostatic factors and steric requirements, than by 
filled orbital considerations. The gradual decrease in ionic radius and the 
limited radial extension of the valence orbitals are manifested in subtle 
differences in chemistry observed for complexes having different metals 
but analogous ligand environments. For example, one would not expect 
to see similar chemical environments progressing from Ti to Ni, but such 
chemical conformity is observed in the lanthanide series. The high charge 
to ionic radius ratio results in an electropositive metal center that is ex¬ 
tremely suspectible, given the steric unsaturation, to heteroatom donor 
ligands. It behaves thus as a large Lewis acid. As is ubiquitously observed, 
water is particularly deleterious. 

Furthermore, there is just one thermodynamically favorable oxidation 
state for the lanthanides (commonly Ln^^). Cerium is unique in that it 
possesses an accessible 4+ oxidation state. Other accessible nontrivalent 
oxidation states are Sm^^ (4/*), Eu^^ (4/’), and Yb^^ (4/'^). The effective 
eight-coordinate ionic radius (14) of Ln^+ is relatively large and gradually 
decreases from 1.16 A for La^* to 0.977 A for Lu^"^. Nontrivalent oxidation 
states and their corresponding ionic radii are Ce^"^, 0.97; Sm^^, 1.27; Eu-"^, 
1.25; and Yb^"^, 1.14 A. For Sc^"^ and Y^"^ these are 0.87 and 1.019 A, 
respectively. Only Sm^'^/Sm^'^ and Ce^'^/Ce^'^ have more than one energet¬ 
ically accessible oxidation state. The valence state difference is, however, 
one, rather than the prerequisite two necessary for oxidation addition/ 
reductive elimination. The consequence of thermodynamic stability asso¬ 
ciated with just one preferred oxidation state is that two-electron redox 
shuttles such as oxidative addition and reductive elimination are prohib¬ 
ited. The lanthanides are therefore compelled, in contrast to the transition 
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metals {d'\ « 7 ^ 0, 1 ), to react with polar (i.e., alkane C-H bonds) and 
nonpolar (i.e., H 2 ) X-H bonds via a concerted cr-bond metathesis mecha¬ 
nism. These concerted, bimolecular reactions possess highly ordered four- 
centered transition states and generally have a large negative value for 
^St. 

That lanthanide chemistry has not attracted the same attention as the 
transition metals is, perhaps, not surprising. Organolanthanide complexes 
are typically extremely air and moisture sensitive, and this, coupled with 
their oxophilic nature, prohibits purification by chromatography. Due to 
the small crystal field splitting, diamagnetic organolanthanide complexes 
are usually white, colors arising from forbidden 4/4/ transitions, and 
show little variation with ligand substitutions. This does not lend itself to 
separation techniques. Instead, reactions and appropriate reagents must 
be judiciously chosen so that one (major) product is synthesized, which 
can then be purified by (fractional) crystallization, or sublimation. Further¬ 
more, these complexes are tolerant of only a limited range of solvents, 
this generally being confined to hydrocarbons, aromatics, and ethers. The 
paramagnetic elements have Laporte allowed 4/-» 5d transitions and have 
intense, variable colors that can change significantly as a consequence 
of ligand substitution, a clear synthetic advantage. The paramagnetism 
associated with many of the metals has inhibited, but certainly not prohib¬ 
ited, characterization by NMR spectroscopy. As this accessible, and 
rapid, spectroscopic technique is currently one of the favorite character¬ 
ization methods, it is no surprise that many researchers have opted to 
investigate the chemistry of diamagnetic La^"^, Yb^"^, and Lu^"^. Inter¬ 
pretable and diagnostic, albeit paramagnetically shifted, NMR spectra for 
Ce^"^, Nd’^, and can, however, be obtained. 

As in early transition metal chemistry, /3-hydrogen elimination is a 
common decomposition pathway. For this reason, use of the alkyl groups 
Me, and especially the bulky CH(SiMe 3 ) 2 , have been predominant. The 
alkyl groups CH 2 CMe 3 , CH 2 SiMe 3 , and CH^Ph, although frequently em¬ 
ployed in early transition metal chemistry, have been less extensively 
utilized, possibly due to their lack of steric hindrance compared with 
CH(SiMe 3 ) 2 . The CH(SiMe 3)2 group has proved vital for the preparation 
of neutral, salt-free, and solvent-free precursors from which hydrides can 
be cleanly accessed by facile hydrogenation. 

The stabilization of organolanthanide species has relied on tt- donating 
ligands, especially cyclopentadienyl, or its pentamethyl analog. In the 
absence of one (or more) of these bulky ligands stability has been primarily 
achieved by use of chelates, or of neutral bases to increase the coordination 
number. In this respect, it is pertinent to note that coordination of alkali- 
metal halides is a ubiquitous, if undesirable, phenomenon, arising as a 
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consequence of general synthetic procedures involving alkylation. This 
metathetical reaction of a lanthanide metal halide with (typically) a lithium 
alkyl results, dependent on the metal and steric bulk of its ancillary ligands, 
in coordination of MX to the highly electrophilic lanthanide metal. 

Finally, because of the plethora of literature published (1985-1993) in 
this expanding field, it has not been my intention to provide a totally 
comprehensive survey. I have, however, attempted to address the trends 
that have prevailed since 1985, and to emphasize synthesis, reactivity and 
structure relationships. 


II 

HOMOLEPTIC ALKYL COMPLEXES 

The stabilization of organolanthanide complexes has long relied on 
cyclopentadienyl ligands. In the absence of such ligands, stability has 
been achieved by use of chelating ligands or Lewis bases, including salt 
coordination, to increase the metal coordination number. Lanthanide com¬ 
plexes containing only alkyl ligands have been known for some time, 
although these have, until recently, been exclusively anionic. For example, 
these include [Li(THF) 4 ][Ln(t-Bu) 4 ] (Ln = Sm, Eu, Lu) (15), [LKTHF)^ 
[Lu(C 6H3-2, b-MezlJ (16), LaKjLt-Mel^LKTMEDA)], (17), and [LuKjit- 
Me) 2 Li(TMEDA) 2 }(/i.-Me )]2 (18). Ingenious synthetic methodology utiliz¬ 
ing an alkyl ligand containing a pendant chelating group has been a success¬ 
ful way of preparing neutral alkyl species such as Lu{C 6 H 4 (CH->NMe 2 - 
2)}3 (19), La{CH(PPh 2 ) 2}3 (20), and Sc{CH(SiMe2QH4-2-OMe)2}3 (21). In 
comparison with Y(CH 2 SiMe 3 ) 3 (THF )2 (22), coordinated THF is not nec¬ 
essary to stabilize Y{CH(SiMe 3 ) 2}3 (22), because of the larger alkyl group. 
The synthesis of the first neutral homoleptic lanthanide (La-Lu) alkyl 
species (23 ) has been achieved by use of this bulky alkyl group, in conjunc¬ 
tion with a bulky alkoxide as a “noncoordinating” leaving group: 

Ln(OCjH 3 -r-Bu 2 ), + 3 LiCHCSiMe,), -► Ln{CH(SiMe,):},, + 3 LiOQHj-f-Buj 

(Ln = La, Sm). 

These isostructural compounds possess a pyramidal, rather than trigonal, 
planar coordination geometry at the metal with La-C = 2.515 A and 
Sm-C = 2.33 A (Fig. 1). This deviation from planarity was proposed to 
minimize ligand-ligand nonbonding interactions, as well as to maximize 
(intramolecular) secondary C-H-Ln agostic stabilization of the electroni¬ 
cally and coordinatively unsaturated metal center. Short Ln ... Me y- 
agostic interactions (La, 3.121 A; Sm, 2.85 A) were observed. Ln{CH 
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Fig. 1. Molecular structure of La{CH(SiMe 3 ) 2 } 3 . [Reproduced with permission from the 
Royal Society of Chemistry ; from Hitchcock et al. (23).] 


(SiMe 3 ) 2}3 (Ln = Y, Lu) {24) have also been prepared in an analogous 
fashion. Although highly susceptible to protonolysis by (sterically hin¬ 
dered) amines or phenols, to give LnX^ (Ln = Sm; X = N(SiMe 3)2 , OC5H3- 
/-BU 2 ) (23), Ln{CH(SiMe 3 ) 2}3 is unreactive toward olefins, presumably 
because of the absence of a kinetically accessible initiation pathway. 
Although such species have potential synthetic utility via mild protonolysis 
to other lanthanide alkyl species, problems associated with disproportion¬ 
ation of Ln{CH(SiMe 3 ) 2 }X 2 arise, unless X 2 is chelating [i.e., porphyrins 
{24) or alkoxide (25) ligands—vide infra]. 

Ln{CH(SiMe 3 ) 2}3 (Ln = La, Sm) {23) can be alkylated by MeLi in ether 
in the presence of pmdeta to afford the anionic “mixed” alkyl species 
Ln{CH(SiMe3)2}3(M-Me)Li(pmdeta) (26): 

Ln{CH(SiMe 3 ) 2}3 + MeLi Ln{CH(SiMe 3 ) 2 } 3 (At-Me)Li(pmdeta). 

This is the first example of a lanthanide complex, albeit anionic, possessing 
different alkyl groups, and is a rare example of a singly alkyl-bridged 
lithium species. The X-ray crystal structure of the Sm compound (26) 
shows an almost linear, asymmetric Sm-Me ... Li bridge (174°) with 
short Sm-Me (2.33 A) and long Me-Li (2.42 A) distances. 

In continuing this theme, reaction of LaCl 3 with LiCH(SiMe 3)2 (3 eq) 
in THF affords La{CH(SiMe 3 ) 2 } 3 (/x-CI)Li(pmdeta) (27), after addition of 
pmdeta: 


LaCl^ + 3 LiCH(SiMe3)2 La{CH(SiMe3)2}3(At-Cl)Li(pmdeta). 

The La-Cl-Li bridge is almost linear (165.1°) with strong La-Cl (2.762 
A) and Li-Cl (2.28 A) interactions. The metal environment in Ln{CH(Si- 
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^ 63 ) 2)3 (23) allows coordination of the (/x-X)Li(pmdeta) (X = Cl, Me) 
moieties without significant distortion of the original Ln{CH(SiMe 3 ) 2}3 
coordination geometry. Related ionic [Li(THF) 4 ][Yb{CH(SiMe 3 ) 2 } 3 Cl] (28) 
has been structurally characterized. 

Interesting differences are observed if alkylation is performed without 
strongly coordinating donor ligands. Reaction of LUCI 3 with the kinetically 
more reactive KCH(SiMe 3)2 (3 eq) obviates the need for THF as solvent 
and in ether affords Lu{CH(SiMe 3 ) 2 } 3 (/n-Cl)K(ether) (29) (Scheme 1). This 


LUCI3 + 3 KCH(SiMe3)2 


ether 


Lu{C H (S iMes) 2)3 (p-CI) K(ether) 


ether 


vacuum 
- ether 


Lu{CH(SiMe3)2}3(p'CI)K(r]6-toluene)2 


toluene 


vacuum 


Lu{CH(SiMe3)2}3(H'Cl)K 



Fig. 2, Molecular structure of Lu{CH(SiMe3)2}3(/Lt-Cl)K(7)®-C7Hg)2. [Reprinted with per¬ 
mission from Schaverien and Van Mechelen (29). Copyright (1991) American Chemical So¬ 
ciety.] 
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can also be prepared by utilizing the electrophilicity of the Lu center by 
reaction of KCl with Lu{CH(SiMe 3 ) 2}3 in ether. Coordination of KCI to 
Lu{CH(SiMe 3 ) 2}3 (and to ether) compensates for the KCl lattice energy. 
Coordinated ether can be readily removed under vacuum to afford 
Lu{CH(SiMe 3 ) 2 } 3 (/x-CI)K. Addition of even weakly coordinating solvents, 
such as ether or toluene, results in their coordination to potassium, to 
afford hydrocarbon soluble monomeric species Lu{CH(SiMe 3 ) 2 } 3 (M- 
CI)K(L) (L = ether or (i 7 ^-C 7 Hg) 2 ), respectively (Fig. 2). rj^-Coordination 
of toluene (3.003 and 3.128 A from the ring centroids to K) is best regarded 
as an induced dipole interaction (SO), although still possessing predomi¬ 
nantly ionic character (ionic radius: K"^, 1.33 A; half Van der Waals 
thickness of benzene ring, 1.70 A). In contrast to the essentially linear 
Ln-X-Li unit in Ln{CH(SiMe 3 ) 2 } 3 (/x-X)Li(pmdeta) (26,27), the Lu-CI-K 
unit is significantly perturbed from linearity (145.9°). 


Ill 

ALKOXIDES 

The chemistry of the simple, sterically undemanding alkoxide and ar- 
yloxides (i.e., OMe, 0-/-Pr, OPh) of Sc, Y, and the lanthanides has long 
been established (31-33). These species were typically insoluble in hydro¬ 
carbons, involatile, and generally considered to be polymeric. However, 
the small (chelating) alkoxide 0 CH 2 CH 20 Me allowed formation of a cyclic 
decamer [Y(OCH2CH20Me)3]|o (34) with well-defined stoichiometry. 

Use of bulky aryloxides, typically 0-2,6-QH3-/-Bu2 (and to a much 
lesser extent bulky alkoxides, i.e., OC-t-Bu 3 ) has resulted in the prepara¬ 
tion of monomeric, hydrocarbon-soluble Ln(OR )2 and Ln(OR )3 (i5). Re¬ 
cently, such compounds have attracted attention due to their use as halide- 
free precursors, and their use has also been stimulated by the search for 
molecular precursors for the assembly of preceramic oxide aggregates, 
precursors to MOCVD, and to sol-gel techniques. 

Homoleptic tris-alkoxides have usually been synthesized by straightfor¬ 
ward protonolysis of Ln[N(SiMe 3 ) 2]3 (36) with the alcohol (3 eq): 

Ln[N(SiMej)jl, + 3ArOH ^ LntOAr), + SHNtSiMej)^. 

In this way, aryloxides [Y(OSiPh 3 ) 3 ]„ (37) and Ce(0-2,6-QH3-/-Bu2)3 (38), 
as well as their Lewis base adducts, have been prepared and structurally 
characterized. Thermolysis of monomeric Ce(OC-t-Bu )3 (39) (prepared 
from Ce[N(SiMe 3 ) 2]3 and HOC-t-Bu 3 ) afforded isobutylene and [C;e(OCH- 
/-Bu 2 ) 3 ] 2 - This was structurally characterized and shown to be a dimer 
with alkoxide bridges (i9). 
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A metathesis route has been used to prepare monomeric, structurally 
characterized Y(OQH 3 -r-Bu 2)3 (40), Y(OQH 3 Me 2 ) 3 (THF )2 (41), and di¬ 
meric Y 2 (OC 5 H 3 Me 2 ) 6 (THF )2 (41), this series demonstrating the influence 
of ligand bulk on metal coordination number. Use of less bulky alkoxide 
ligands results in the isolation of aggregates M 50 ( 0 -/-Pr ),3 (42) (M = Sc, 
Y, Yb) and Y3(0-/-Bu)g(Cl)(THF)2 (43), Addition of excess of a smaller 
alcohol in the protonolysis of M[N(SiMe 3 ) 2]3 results in its coordination to 
the electrophilic metal in M3(0-/-Bu)9(/-BuOH)2 (M = Y, La) (44), With 
larger alcohols the dimers [M(OR) 3]2 (M = Y, La; R = CMe 2 -/-Pr, CMeEt- 
/-Pr; M = Y, R = CED were obtained. Unlike trigonal planar Sc(0-2,6- 
/-Bu2-4-MeC6H2)3 (i5) and Y(OQH 3 -/-Bu 2)3 (40), the Ce analog has a 
pyramidal structure, as does M[N(SiMe 3 ) 2]3 and Ln{CH(SiMe 3 ) 2}3 (23). 
Reaction of the sterically hindered, phosphine-functionalized alkoxide 
ligands [Li(/i-OC-/-Bu 2 CH 2 PMe 2)]2 with LnCl 3 (Ln = Y, Nd) afforded the 
first crystallographically authenticated homoleptic alkoxide (as opposed 
to aryloxide) complex Ln(/i-OC-/-Bu 2 CH 2 PMe 2)3 (45). The three chelating 
phosphines are weakly coordinated to the lanthanide center. Monomeric 
Nd(OC-/-Bu) 3 (THF) was synthesized from Nd[N(SiMe 3 ) 2 ] 3 (THF )2 and 
HOC-^-Bu 3 (46). Similarly, monomeric solvent-free Nd(OC-LBu) 3 , 
Nd(OSi-/-Bu 3 ) 3 , and M(OCH-/-Bu 2)3 (M = Nd, Dy) have been prepared 
from M[N(SiMe 3 ) 2]3 and the corresponding alcohol (46). Until recently, 
only tris-alkoxides (of the trivalent lanthanides) have been prepared. Inter¬ 
estingly, reaction of NdCl 3 (THF )2 with just 2 eq of LiOC-/-Bu 3 gave the 
chloro-bridged dimer [(/-Bu 3 CO) 2 Nd(/i-Cl)(THF )]2 (47) (Fig. 3). 



FiG. 3- Molecular structure of [(/-Bu 3 CO) 2 Nd(#i-Cl)(THF)l 2 . (Reproduced with permis¬ 
sion from VCH Verlagsgesellschaft; from Wedler et al. (47).] 
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There are few well-defined, hydrocarbon-soluble Ln“ complexes 
known. Monomeric Yb" aryloxides have been prepared. Treatment of 
Yb(OAr') 2 (OEt 2)2 (Ar'O = 0 - 2 , 6 -C 5 H 2 -/-Bu 2 - 4 -Me), prepared from addi¬ 
tion of the phenoxide to YbtN(SiMe 3 ) 2 ] 2 (OEt 2)2 in ether, with THE (2 eq 
or excess) affords Yb(OAr') 2 (THF)„ (« = 2 or 3, respectively) {48). Both 
Yb(OAr') 2 L 2 (L = OEt 2 , THE) display a distorted tetrahedral geometry 
at Yb, whereas Yb(OAr') 2 (THE )3 is distorted square planar with two 
phenoxide oxygens and with two THE oxygens occupying the basal plane. 
A weak Yb ... Me interaction (3.424 A) was observed. In comparison, the 
trisphenoxide Ce( 0 - 2 , 6 -C 6 H 3 -/-Bu 2 ) 3 (CN-/-Bu )2 has a trigonal bipyramidal 
ligand arrangement {39). 

Treatment of Yb metal with benzophenone in THF/hmpa afforded di¬ 
meric [Yb(^- 7 j',Tj^-OCPh 2 )(hmpa) 2]2 {49), in which the benzophenone di¬ 
anion bridges using both the alkoxide oxygen and the adjacent carbon. 
Reaction with HO- 2 , 6 -C 6 H 2 -/-Bu 2 - 4 -Me affords monomeric Yb(0-2,6- 
C 6 H 2 -/-Bu 2 - 4 -Me) 2 (hmpa) 2 . Both compounds were crystallographically 
characterized. 

In contrast to the synthetic methods described above, reaction of NdCl, 
with the smaller (relative to 0 - 2 , 6 -QH 3 -/-Bu 2 ) phenoxide KO- 2 , 6 -C 6 H 3 - 
/-Pr 2 in THE affords the salt K[Nd(OC 6 H 3 -/-Pr 2 ) 4 ] {50). X-ray crystallo¬ 
graphically indicates a one-dimensional infinite chain of alternating 
Nd(OQH 3 -<-Pr 2)4 anions and potassium cations, which is supported by 
unusual T)*-aryl Interactions to between neighboring ions (Fig. 4). 

Despite the well-established compatibility of alkoxides with high-valent 
transition metals, alkoxides, in the absence of the CjMes ligand, have been 
rarely used in lanthanide chemistry to support lanthanide-alkyl bonds. 
Because of problems associated with alkoxide exchange, or disproportion¬ 
ation of Ln(OR)jX 3 _j, chelating alkoxides have been used to prepare 
discrete mononuclear lanthanide alkyl species. For example, reaction of 
La{CH(SiMe 3 ) 2}3 {23) with HOC 6 H 3 -/-BU 2 (2 eq), or reaction of La(OC 6 H 3 - 



Fig. 4. Molecular structure of K[Nd(OQH 3 -/-Pr 2 ) 4 ]. [Reprinted with permission from 
Clark et ai {50), Copyright (1992) American Chemical Society.] 
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/-Bu 2)3 with LiCH(SiMe 3)2 (1 eq) affords only a complex mixture of prod¬ 
ucts. Mild protonolysis of La{CH(SiMe 3 ) 2}3 (23) with sterically hindered, 
racemic, chelating biphenols and binaphthols afforded La{CH(SiMe 3 ) 2 } 
{2,2'-(OC6H2-t-Bu2-4,6)2} and La{CH(SiMe 3 ) 2 }{l,r{ 2 -OC,oH 5 SiPh 3 } 2 } 
(OEt 2 ) (25), respectively (Scheme 2). Their intrinsic chirality is reflected 



in two diastereotopic SiMe 3 ‘H, '^C NMR resonances being observed. 
The bis-phenoxide is sterically quite undemanding, allowing coordination 
of three facial THFs (Fig. 5). 



Fic. 5. Molecular structure of La{CH(SiMe3)2KOC6H2-t-Bu2-4,6)2(THF)3. (Reproduced 
with permission from the Royal Society of Chemistry; from Schaverien et al. (25).] 
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The reactivity of organolanthanide complexes with CO has been less 
well studied than their actinide ( 57 ) or early transition metal counterparts. 
(C 5 Me 5 ) 2 NdCH(SiMe 3)2 (52) reacts with CO to give a dimeric dionediolate 
structure [(C 5 Me 5 ) 2 Nd(CO) 2 CH(SiMe 3 ) 2]2 (52). In contrast, (0-0)La{CH 
(SiMe 3 ) 2 }(OEt 2 ) (( 6 - 0 ) = (C|oH 5 SiPh 36 ) 2 ) reacts selectively with excess 
CO to give the enolate ( 0 - 0 )La{OC(SiMe 3 ) = CHSiMe 3 } via 1, 2 -SiMe 3 
migration from ( 0 - 0 )La{o',i 7 ^-OCCH(SiMe 3 ) 2 }. Similar SiMe 3 migratory 
insertion reactions promoted by CO insertion have been observed (55) in 
actinide and early transition metal chemistry. The yttrium enolate 
[(MeC 5 H 4 ) 2 Y(ju.-OCH = CH 2)]2 has been structurally characterized (54). 


IV 

THIOLATES 

In contrast to the range of discrete, mononuclear lanthanide alkoxides, 
the first neutral lanthanide thiolates Sm(S- 2 , 4 , 6 -CftH 2 -/-Bu 3)3 and Yb(S- 
2 , 4 , 6 -C 5 H 2 -/-Bu 3 ) 2 (dme )2 have only recently been prepared (55) by the 
respective protonation of Sm{CH(SiMe 3 ) 2}3 and Yb{N(SiMe 3 ) 2 } 2 (dme )2 
with the thiol. Both compounds have been structurally characterized. 
The coordination environment of homoleptic Sm(S- 2 , 4 , 6 -C 5 H 2 -f-Bu 3)3 is 
trigonal planar. 


V 

SELENIDES AND TELLUROLATES 

Reaction of Ln{N(SiMe 3 ) 2}3 (Ln = La, Ce) with HTeSi(SiMe 3)3 in hexane 
afforded thermally unstable homoleptic Ln{TeSi(SiMe 3 ) 3}3 (56). Addition 
of dmpe gave the adduct Ln{TeSi(SiMe 3 ) 3 } 3 (dmpe) 2 . Vacuum thermolysis 
at 600°C gave Ln 2 Te 3 . Metathesis of the halides in LnX 2 (THF)-) afforded 
Ln(E- 2 , 4 , 6 -CftH 2 Ph 3 ) 2 (THF )2 (Ln = Yb, Sm, Eu; E = Se, Te) (57). Pyroly¬ 
sis in refluxing toluene, or at 250°C in vacuo afforded, after annealing, 
LnTe: 


Ln(TeQH 2 Ph,) 2 (THF),_,-* LnTe + Te(C(,H:Ph 3 ) 2 . 

Protonolysis of (C 5 R 5 ) 2 Lu(/u.-Me) 7 Li(THF )2 (R = H, Me) with /-BuSH, 
PhSeH, Ph 2 PH, and PhjAsH afforded (C 5 R 5 ) 2 Lu(ja-ER) 2 Li(THF )2 (55), 
which were characterized by X-ray diffraction. A range of bridging chalco- 
genides [(C 5 Me 5 ) 2 Yb] 2 (ja-E) (E = S, Se, Te) (59) can be prepared by 
reaction of (C 5 Me 5 ) 2 Yb with the appropriate reagent, i.e., Ph 3 PE (E = S, 
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Se), elemental Se or Te, or n-BujPTe. The X-ray crystal structure of 
[(C 5 Me 5 ) 2 Yb) 2 (M-Se) (59) shows a nearly linear (171°) Yb-Se-Yb. 


VI 

NITROGEN DONOR LIGANDS 


A. Porphyrins 

The recent growth in organolanthanide chemistry has primarily focused 
on complexes stabilized by the bis(pentamethylcyclopentadienyl) ligand 
system although porphyrin complexes of the lanthanides have been com¬ 
paratively well studied (60-66). However, their organometallic chemistry 
has, until recently, been limited, despite the seeming compatibility of these 
large, planar, hard nitrogen donor chelating ligands with the electrophilic 
lanthanide metals. For example, sandwich-like octaethylporphyrin com¬ 
plexes Ln(OEP )2 of all lanthanides (60-64) (except Pm) are known, and 
tetraphenylporphyrin complexes (TPP)Ln(acac) (65) (except Ln = Pm) 
have also been prepared. Methods of preparation have traditionally in¬ 
volved heating the components in an imidazole melt, or refluxing in 1,2,4- 
trichlorobenzene, in the presence of an oxidant, often adventitious O 2 , 
followed by column chromatography on alumina. 

In this way double-decker complexes Ln(P )2 and triple-decker (some¬ 
times with mixed porphyrins) Ln 2 (P) 2 (P') have been prepared. Y(OEP )2 
has also been prepared from (OEP)Y(acac) with Li 2 (OEP) (62). The pres¬ 
ence of Ln'" in Ln(P )2 requires that one of the porphyrin rings be the 
normal porphyrinate dianion, while the other is a porphyrinate monoanion 
radical. An occasionally isolated intermediate, written by porphyrin chem¬ 
ists as LnH(P) 2 , is observed. This reacts with Ln(P)(acac) to give the 
triple-decker Ln 2 (P )3 or is dehydrogenated to the symmetrical double- 
decker Ln(P) 2 . The intermediate is more accurately described as 
Ln(P)(PH) (66) (Scheme 3). 

Ln{acac)3 + OEPHa -► {OEP)Ln(acac) 

OEPH2 
,, -acacH 

Ln(OEP)2 - - - {OEP)Ln(OEPH) 

I (OEP)Ln(acac) 


Ln2(OEP)3 
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Refluxing Eu(acac )3 with excess OEPH 2 in 1,2,4-trichlorobenzene pro¬ 
duces a mixture of Eu(OEP )2 and Eu 2 (OEP) 3 , which could be separated 
by chromatography {61). Paramagnetic Eu(OEP )2 ^ 3.17 Mb/Eu) was 
structurally characterized and found to be isostructural with diamagnetic 
Ce(OEP )2 (60). The crystal structures display saucer-shaped porphyrins 
with the metal atom displaced from the N 4 plane and the four nitrogen 
atoms pointing toward the bottom of the dish with its convexity toward 
the metal atom. This deformation serves to optimize cr and tt bonding 
between the nitrogen atoms and the large lanthanide metal, as it allows 
the sp^ hybrid lone pair to point toward the metal rather than into the N 4 
porphyrin plane. Such deformation is commonly observed in porphyrin 
lanthanide chemistry (67). The mixed complexes Ce(OEP)(TPP) (67), 
Ce(OEP)(TPP) (68), Eu(OEP)(TPP) (69), and La(OEP)(TPP) (70) have 
been published, including the X-ray crystal structure of Ce(OEP)(TPP) 
(67) (Fig. 6 ). Non-porphyrin-containing lanthanide sandwich species in¬ 
clude Lu(Pc )2 (7/) and Nd 2 (Pc) 2 (TMPP) (72). 

The uv-vis spectrum is a useful diagnostic tool. For lanthanide mono¬ 
porphyrins the Soret band is typically found at ca. 400 nm. For the double- 
and triple-decker complexes this is hypsochromically shifted to ca. 
375-390 nm, indicative of the presence of two (or more) porphyrin rings 
in a face to face arrangement. 'H NMR spectroscopy, despite the frequent 
paramagnetic nature of the lanthanide compounds, has also proved useful. 
The methyl, methylene, and methine resonances fall in the ranges 1.8-2.0, 
4.1-4.5, and 10.0-10.7 ppm, respectively, for diamagnetic mononuclear 
octaethylporphyrin complexes. In species possessing at least one porphy- 



Fig. 6 . Molecular structure of Ce(OEP)(TPP). [Reproduced with permission from VCH 
Verlagsgesellschafl; from Buchler et al. (67).] 
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rin ring, e.g., [(P)LnX] 2 , Ln(P )2 (66), and Ln 2 (P) 3 , the methine proton, in 
particular, is shifted to higher field, e.g., in diamagnetic [(OEP)LuOH] 2 , 
8 9.64; [(OEP)LuCC‘Bu] 2 , 8 9.77; Ce(OEP )2 (60), 8 9.11; and La 2 (OEP )3 
(6/), 8 8.19 ppm, the high field methyne chemical shift being due to the 
mutual influence of two porphyrin ring currents. 

Despite the range of lanthanide metals for which porphyrin complexes 
are known (60-6S), there has been, until recently, no examples that pos¬ 
sess a lanthanide-carbon cr bond. Previous preparations have often em¬ 
ployed synthetic methods seemingly incompatible with the synthesis of 
such hydrolytically sensitive species. 

Reaction of a porphyrin (PH 2 ) with homoleptic solvent-free tris-alkyls 
Ln{CH(SiMe 3 ) 2}3 or tris-alkoxides Ln(OAr )3 circumvents a stepwise alkyl¬ 
ation sequence and avoids salt or solvent coordination. Thus, reaction of 
MX 3 (M = Lu, Y; X = CH(SiMe 3 ) 2 , 0 - 2 , 6 -C 6 H 3 -/-Bu 2 ) with octaethyl- 
porphyrin (OEPH 2 ) in toluene afforded purple (OEP)MX complexes (M = 
Lu, Y; X = CH(SiMe 3 ) 2 , 0 - 2 , 6 -C 6 H 3 -/-Bu 2 ) (24): 

MiCHtSiMej), + OEPH.(OEP)MCH(SiMe 3 ), + 2 GHjCSiMe,), 
M(OCsHj-/-Bu 2)3 + OEPHz-^ (OEP)MOC6H3 -/-Bu 2 + 2 HOCjH3-/-Bu2. 

The crystal structure of (OEP)LuCH(SiMe 3)2 showed a highly dished 
porphyrin skeleton with the square-pyramidal, five-coordinate lutetium 
atom 0.918 A out of the N 4 plane of the porphyrin ligand (Fig. 7). 

The 'H NMR resonances of axial groups are isotropically shifted due 
to the ring current of the porphyrin ring. For example, in (OEP)MCH 
(SiMe 3)2 [M = Sc (73), Y (24), Lu (24)] the SiMe 3 and a-CH groups 
resonate at 8 -1.84, -1.78, and -1.76 ppm and 8 -5.78, -5.33 (Jyh = 
2.5 Hz), and -5.78 ppm, respectively. 

(OEP)MCH(SiMe 3)2 (M = Y, Lu) (24) proved to be a versatile starting 
material for a range of new lutetium porphyrin species (Scheme 4). 



(OEP)MOAr 


(OEP)MH 
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Fig. 7. Molecular structure of (OEPlLuCHCSiMe^li. [Reprinted with permission from 
Schaverien and Orpen (24). Copyright (1991) American Chemical Society.] 

(OEP)MCH(SiMe 3)2 are cleanly hydrolyzed by H 2 O (1 eq) to give the 
hydroxides [(OEP)M(|Lt-OH )]2 (M = Lu, Y), rather than bimolecular elimi¬ 
nation of water to yield the thermodynamically more stable /n-oxo species 
[cf. [(TPP)Sc]2(m-0 ) (74)]. The unusually high-field chemical shift of the 
hydroxide (Lu, S -7.18; Y, S -8.18 ppm) is due to strong shielding by 
the porphyrin ring currents. The '^0 NMR spectrum of [(OEP)M(yLi-'^OH )]2 
(M = Lu, Y) displayed a broad peak at unusually high field (S = 100 ppm, 
M = Y; S = 96 ppm, M = Lu). 

In contrast to the facile hydrogenolysis (o--bond metathesis) of 
(C 5 Me 5 ) 2 MCH(SiMe 3)2 [M = Y (75), La (5/), Nd (57), Ce (76)], 
(OEP)MCH(SiMe 3)2 (M = Lu, Y) did not react with (20 bar). Although, 
both (OEPlMCHlSiMcjlj and M(C 5 Me 5 ) 2 CH(SiMe 3)2 are formally 14-elec¬ 
tron species (assuming maximum possible rr donation from the porphyrin 
nitrogen atoms), they possess very different electronic properties and 
coordination geometries. Bond dissociation enthalpies show that a late 
transition metal-hydride bond is ca. 20 kcal/mol stronger than the corre- 
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spending M-alkyl bond (77). In transition metal and organolanthanide/ 
actinide complexes this difference D(Ln-H)-D(Ln-C) is reduced to ca. 
5 kcal/mol due to the lack of J-electrons that would repel coordinated 
carbanions (75). From bond dissociation enthalpy data, hydrogenation of 
Sm(C 5 Me 5 ) 2 CH(SiMe 3)2 has been calculated (5,79) to be thermoneutral. 

The “hard” donor properties and different coordination geometry im¬ 
posed by the octaethylporphyrin ligand are responsible for this marked 
difference in reactivity, compared to Ln(C 5 Me 5 ) 2 CH(SiMe 3)2 (5/,75,76). 
In the series (C 5 Me 5 ) 2 LnR, [Me 2 Si(C 5 Me 4 ) 2 ]LnR, [Et 2 Si(C 5 Me 4 )(C 5 H 4 )] 
LnR (R = CH(SiMe 3 ) 2 ) the decreasing Ln-R hydrogenolysis reactivity 
was ascribed (5) to reduce charge stabilization at the lanthanide metal in 
the heterolytic, four-center hydrogenolysis transition state, rather than to 
thermodynamic factors. Hard, electronegative ancillary ligands weaken 
Ln-H bonds compared to Ln-alkyl, due to the former’s relative thermody¬ 
namic instability and to the additional electropositivity of the proximate 
lanthanide center [compared with its C 5 Me 5 counterpart (5)], although the 
hydride may derive additional stabilization by bridging the electropositive 
centers. The two /3 silicons of CH(SiMe 3)2 also help to delocalize the 
partial negative charge, thus increasing the thermodynamic stability of 
the alkyl. 

The influence of ancillary ligands on the propensity for olefin insertion 
and hydrogenolysis in /-element chemistry has been addressed thermo- 
chemically (5) as well as theoretically (80). The additional electrophilicity 
at Lu, Y induced by the porphyrin ligand [compared to its bisICsMe,) 
counterparts (5/,75,76)] should strengthen M-R relative to M-H. tt 
donation, while undoubtedly possible, is a secondary effect compared 
with the electronegativity of nitrogen and may not be particularly 
significant in comparing the influence of a porphyrin (or aryloxide) 
ligand with CjMe,. 

Aryloxides (OEP)MOC 5 H 3 -/-Bu 2 are precursors useful in preparing alkyl 
derivatives since loss of inert LiOC 6 H 3 -/-Bu 2 circumvents problems (2,23) 
associated with salt coordination: 

(OEP)MOQH 3 -<-Bu 2 + LiCH(SiMe ,)2 ^ (OEP)MCH(SiMe 5)2 + LiOQHj-f-Buj. 

Reaction of (OEP)YOC(,H 3 -/-Bu 2 with MeLi in ether, however, afforded 
(OEP)Y(^-Me) 2 Li(OEt 2 ), which, on treatment with AlMe 3 (2 eq), afforded 
(OEP)Y(M-Me)2AIMe2: 

(OEP)YOQH,-f-Bu 2 + 2MeLi ^ (OEP)Y(/i-Me) 2 Li(OEt 2 ) + LiOQHj-J-Buj. 

This synthetic methodology parallels that used in the preparation 
of [(C 5 Me 5 ) 2 LuMe ]2 (81) (Section XIII). In contrast to the reactivity 
of (C 5 R 5 ) 2 Ln(/i-Me) 2 AlMe 2 (82) (vide infra), reaction of (OEP)Y(/*- 
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Me) 2 AlMe 2 with Lewis bases gave only reversible adduct formation, rather 
than Y(jU-Me)Al bridge cleavage. 

Although insertion of O 2 into early transition metal-alkyl bonds has 
been studied (8S), selective activation of O 2 by lanthanide complexes 
has not been previously observed, despite their intrinsic oxophilicity and 
frequently observed decomposition by exposure to oxygen. (OEP)Y(/i- 
Me) 2 AlMe 2 selectively reacts with excess O 2 at room temperature to afford 
only (OEP)Y(M-OMe) 2 AlMe 2 . 

In analogous porphyrin scandium chemistry, reaction of ScCljITHF), 
with [Li(THF) 4 ]tLi(OEP)] (62) gave (OEP)ScCl (75). (OEP)ScCl is a useful 
precursor to a variety of five-coordinate alkyl, amide, and alkoxide species 
(OEP)ScX {X = CH(SiMe 3 ) 2 , N(SiMe 3 ) 2 , OSiMej} via metathetical chlo¬ 
ride substitution (75). The smaller size of Sc^"^, in comparison with Lu^"^ 
or Y^'*', ensures that LiCl or THF coordination does not play a significant 
role. The larger lanthanide metals are not so amenable to such synthetic 
methodology, due to problems associated with salt and donor solvent 
coordination. Reaction of (OEP)ScCl with the cyclopentadienyl sources 
LiCsHs, NaC 5 H 4 Me, and NaC 5 Me 5 afforded the cyclopentadienyl com¬ 
plexes, of which for X = C 5 H 5 the first cyclopentadienyl porphyrin sand¬ 
wich compound has been structurally characterized. The synthesis of 
(TPP)ScCl and (TPPlScCsMes had been previously reported (74). 

B. Other Nitrogen Donors 

Cocondensation of the vaporized lanthanides Y, Nd, Sm, and Yb with 
excess t-BuN=CH—CH=N-t-Bu (f-BuDAB) afforded the tris-imines 
Ln(cr,or-A^,A^'-t-BuDAB )3 (84). Although these formally appear to be Ln(0) 
compounds, spectroscopic and structural data indicate that they are better 
regarded as Ln^"^ salts of the t-BuDAB radical anion. 

Ybl 2 reacts with the heteroatom chelate Li[Me 2 Si( 0 -r-Bu)(N-r-Bu)] 
{Li(N-O)} to give the Yb amide (N- 0 ) 2 Yb(THF )2 (S5), which contains 
a dative Yb-0 bond. The preparation and X-ray crystal structures of 
Nd(N- 0)3 and (N- 0 ) 2 Yb(|U-Cl) 2 Li(THF )2 were also reported. 

Fryzuk has utilized the amide [N(SiMe 2 CH 2 PMe 2 ) 2 ]”. which allowed 
intramolecular coordination of the pendant phosphine arms to a lanthanide 
metal (86,87). Hence reaction with MCI3 (M = Y, Lu, La) affords 
MCl[N(SiMe 2 CH 2 PMe 2 ) 2]2 ((N-P) = N(SiMe 2 CH 2 PMe 2 ) 2 ) [cf. Yb[N(Si- 
Me 3 ) 2 ] 2 (Me 2 PCH 2 CH 2 PMe 2 ) (88). The M-phenyl complexes were synthe¬ 
sized by alkylation. These seven coordinate complexes display, as ex¬ 
pected, highly fluxional behavior. A distorted pentagonal bipyramid 
geometry was favored on the basis of low-temperature ^'P NMR spectros¬ 
copy (Scheme 5). Hydrocarbyl derivatives YR[N-P ]2 (R = Ph, CH 2 Ph) 
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LnCIa + 2 KN(SiMe2CH2PMe2)2 
(Ln = La, Lu) I 


LnCI[N(SiMe2CH2PMe2)2]2 


RLi 


LnR[N(SiMe2CH2PMe2)2l2 

could be prepared; however, their chemistry was dominated by hydro¬ 
carbon elimination and formation of the stable cyclometallated product 
I I 

Y[N(SiMe2CHPMe2)(SiMe2CH2PMe2)][N-P]. 

Reaction of YCI(N-P )2 with the allyl Grignard reagent (C 3 H 5 )MgCI 
resulted in displacement of one amide-phosphine ligand and afforded the 
crystallographically characterized dimeric mono(ligand) complex {Y(t}^- 
C3H5)[N(SiMe2CH2PMe2)2]}(M-CI)2(S7). 

N-silylated benzamidinate ligands are becoming increasingly popular 
as alternatives to cyclopentadienyl ligands. Anionic [ArC(NSiMe 3 ) 2 ]' is 
easily prepared on a large scale from the corresponding nitrile ArCN and 
LiN(SiMe 3 ) 2 . A range of homoleptic lanthanide tris-benzamidinates [4- 
RQH 4 C(NSiMe 3 ) 2 ] 3 Ln (R = H, OMe, CF 3 , Ph) were prepared by reaction 
of the sodium benzamidinates with LnCl 3 {89a,89b). The X-ray crystal 
structure of [ 4 -MeOC 6 H 4 C(NSiMe 3 ) 2 ] 3 Pr has been determined. It was con¬ 
cluded that these ligands have steric requirements similar to those of C5H5. 
Reaction of NdCl 3 (THF )2 with the bulkier 2,4,6-trisubstituted benzami¬ 
dinate anion Li[(CF 3 ) 3 QH 2 (NSiMe 3 ) 2 ] affords the salt complex 
[(CF 3 ) 3 C 6 H 2 (NSiMe 3 ) 2 ] 2 Nd(M-CI) 2 Li(THF )2 {89c). This was considered to 
be a steric substitute for C 5 Me 5 {89d). 

Tris(pyrazolyl)borates are six-electron donors analogous to the cyclo¬ 
pentadienyl anion. Furthermore, their steric requirements are similar to 
that of the C 5 Me 5 anion. Takats has reported the synthesis of a series of 
[HB(pz) 3 ] 3 M (pz is pyrazolyl) complexes, and crystallographically charac¬ 
terized the eight-coordinate ytterbium complex [t}^-HB(pz) 3 ] 2 M[t}^- 
HB(pz) 3 ] {90). Eight-coordinate bis[hydrotris(pyrazolyl)borato] com¬ 
plexes of the entire lanthanide series [HB(pz) 3 ] 2 M(acac) have been pre¬ 
pared, of which the cerium and ytterbium complexes have been structur¬ 
ally characterized {91). 



Organometallic Chemistry of Lanthanides 


301 


Reaction of YCl, with K[H2B(3,5-R2pz)2] (R = H, Me) (3 eq) yields the 
tris(pyrazolyl)borato complexes Y[H(/i-H)B(3,5-R2pz)2]3 ( 92 ). The X-ray 
crystal structure shows that the six nitrogens are coordinated to yttrium 
in a trigonal prismatic arrangement with each rectangular face capped by 
a B-H ... Y agostic interaction. These molecules are fluxional in solution, 
with the pyrazolyl and BH, hydrogen atoms becoming equivalent at 25 °C. 
Reaction of YCI3 with K[HB(pz)3] (2 eq) in THF affords unsolvated 
[HB(pz)3]3YCl, which is in a concentration-dependent equilibrium with its 
dimer ( 92 ). In the presence of pyrazolyl as ligand the crystallographically 
monomeric pyrazolyl adduct is formed. 

The amide ligand N(SiMe3)2 has allowed the preparation of salt- and 
solvent-free hydrocarbon-soluble Ln[N(SiMe3)2]3 ( 36 ). These have proven 
to be key synthetic precursors in organolanthanide chemistry. Reaction 
of LnCl3 with only two equivalents of LiN(SiMe3)2 in THF affords the 
dimeric chlorides {Ln[N(SiMe3)2]2(M-Cl)(THF)}2 (Ln = Eu, Gd, Yb) ( 9 i) 
and monomeric Ln[N(SiMe3)2]2Cl(THF)2 (Ln = V) ( 9 i). The X-ray crystal 
structures of the Gd and Yb complexes have been determined ( 94 a). 
These have been utilized for preparation of the corresponding thiolates 
{Ln[N(SiMe3)2]2(jU-S-r-Bu)}2 (Ln = Eu, Gd, Y), unusual examples of rela¬ 
tively soft anionic donors in organolanthanide chemistry. The Gd complex 
was the first crystallographically characterized lanthanide thiolate com¬ 
plex ( 94 a). {Ln[N(SiMe3)2]2(M-S-t-Bu)}2 (Ln = Eu, Y) can alternately be 
prepared by reaction of Ln[N(SiMe3)2]3 with r-BuSH (1 eq) at low tempera¬ 
ture, disproportionation only becoming significant at >- 10 °C. Similarly, 
Ln[N(SiMe3)7]3 (Ln = La, Eu) reacts with Ph2PH (1 eq) to give the phos- 
phido Ln[N(Si‘Me3)2]2PPh2 ( 94 b). 

Ammonolysis of melted Ln{N(SiMe3)2}3 at 210 °C, followed by annealing 
at 850 °C resulted in the crystalline lanthanide nitrides LnN|_j ( 95 ) [cf. 
LnTe ( 56 , 57 )]. 

Reaction of Sml2(THF)2 with NaN(SiMe3)2 in THF provides Sm[N(Si- 
Me3)2]2(THF)2 ( 96 ), which undergoes facile ( 25 °C) conproportionation with 
Sml2(THF)2 (1 eq) in THF/dme to give crystallographically characterized 
{Sm[N(SiMe3)2](jU.-I)(dme)(THF)2}2 • Yb2[N(SiMep2]4 reacts with AlMCj to 
give Yb[N(SiMe3)2]2(AlMe3)2 ( 97 ). Two of the silicon methyl groups have 
short Yb ... C contacts (see Section XVII). 


VII 

n^ADDUCTS 

Organolanthanide complexes are well known to initiate the polymeriza¬ 
tion of olefins, and, in general, Ln-C bonds undergo facile hydrogenation 
reactions. In contrast to the wealth of literature pertaining to rf- olefins, 
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and more recently, coordination to the late transition metals, there 
are only a small number of well-defined examples in c/“-transition metal 
and organolanthanide chemistry. Due to the limited radial extension of 
their 4 /orbitals, and the highly ionic nature of their bonding, it was thought 
that neutral hydrocarbons, or nonpolar substrates, would not coordinate 
to lanthanide centers, where prerequisite Ln ^ olefin (tt*) or Ln ^ Hj 
(o-*) is unavailable. Lanthanide metallocenes were shown to be able to 
act as Lewis acids, but not as tt donors, since their HOMOs are too low 
in energy ( 98 ). 

The first rj^-olefin lanthanide complex (C5Me5)2 Yb(/x-C2H4)Pt(PPh3)2 ( 99 ) 
was prepared by addition of (C5Me5)2Yb ( 98 ) to (C2H4)Pt(PPh3)2 (Fig. 8 ). 
The good 7 r-donor Pt(PPh3)2 fragment makes the coordinated ethylene 
electron rich and maximizes the basicity of the olefin donor orbitals. A 
similar strategy extended this concept to the preparation and structural 
characterization of the first rj^-acetylene lanthanide complex (C5Me5)2Yb 
(MeC^CMe) ( 100 ). The coordination of both (C2H4)Pt(PPH3)2 and 
MeC^CMe to (CjMe^l^Yb ( 98 ) is weak with little or no v backbonding, 
and both were regarded as Lewis acid-base adducts. 

A substituted methane complex (C5Me5)2Yb(/Lt-Me)Be(C5Me5) (lOI) 
(Fig. 9 ) was prepared by judicious choice of components, MeBe(C5Me5) 
having an appreciable dipole moment; 

(CsMesljYb + MeBelCsMe,) (CsMesljYbC/i-MelBeCCjMes). 

The /x-Me group geometry, and the essentially linear ( 177 °) Yb-Me-Be 
angle, is similar to that found in Li4B4(/x-Me)Me8 ( 102 ), (C5Me5)2Lu(/x- 


C90 



Fig. 8. Molecular structure of (C5Me5)2Yb(/A-C2H4)Pt(PPh3)2. [Reprinted with permission 
from Burns and Andersen (99). Copyright (1987) American Chemical Society.] 
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Fig. 9. Molecular structure of (C^Me5)2Yb(ju-Me)Be(C5Me5). [Reprinted with permission 
from Burns and Andersen { 101 ), Copyright (1987) American Chemical Society.] 


Me)Lu(Me)(C5Me5)2 ( 81 ), the symmetric ^t-Me in the anion [{(C5H4Me)3U}2 
(^t-Me)]" { 103 ), and with the methyl group in TiMeCl3 ( 104 ). 

H2 and C2H4 (presumably iq^) complexes (C5Me5)2Eu.L have been spec¬ 
troscopically detected ( 105 ) by utilization of the paramagnetic Lewis acid 
(C5Me5)2Eu {J 06 ), as a ’H NMR probe of substrate complexation. Hence 
incremental addition of (C5Me5)2Eu to solutions of free H2 or C2H4 led to 
signal broadening and an upheld (H2) and downheld (C2H4) paramagnetic 
shift of their respective NMR resonances, indicative of the equilibrium 
(C5Me5)2Eu + L ^ (C5Me5)2Eu.L. No such paramagnetic shift was ob¬ 
served for CH4, indicating negligible interaction with (C5Me5)2Eu. 

Zero-valent europium-ethylene adducts were prepared by cocondensa¬ 
tion of Eu atoms with either neat C2H4 or C2H4 diluted by a noble gas at 
12 K to afford matrix-isolated Eu(C2H4)„ ( 107 ), These were studied in situ 
by UV and IR spectroscopy. Controlled matrix annealing at 20-40 K 
resulted in conversion to higher stoichiometry species (increasing n). 
These species all decomposed readily on warming toward 77 K. 

Slow crystallization of (C5Me5)2Sm under N2 afforded the hrst organo- 
lanthanide dinitrogen complex (C5Me3)2Sm(/jL-T7“: T7"-N2)Sm(C5Me5)2 ( 108 ) 
(Fig. 10 ). This possesses a side-on, rather than end-on [as in 
((C5Me5)2Ti)2()U-N2) ( 109 ), fJL-N2 ligand, with an unusual planar 
iq^:iq^-N2)Sm core. An 19^: Tj^coordination mode of a bridging styrene, 
as well as an rj^arene lanthanide interaction, was observed ( 110 ) in the 
X-ray crystal structure of (C5Me3)-.Sm()Lt-T9^: T9'^-CHXHPh)Sm(C5Me5)2 
(Fig. 11 ). 
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Fig. 10. Molecular structure of (C 5 Me 5 ) 2 Sm(jit-'>)^;'>)^-N 2 )Sm(C 5 Me 5 ) 2 . [Reprinted with 
permission from Evans et al. {108). Copyright (1988) American Chemical Society.) 



Fig. II. Molecular structure of (C 5 Me 5 ) 2 Sm(ft-i)^ : i)‘'-CH 2 CHPh)Sm(C 5 Me 5 ) 2 . [Reprinted 
with permission from Evans el al. (110). Copyright (1990) American Chemical Society.) 


VIII 

fl^ARENE COMPLEXES 

In an extension of the lanthanide 7 r-ligand coordination above, the tt 
interaction of aromatics with both Ln’^ and zero-valent lanthanides has 
been addressed, tt coordination of arenes to lanthanides is rare. In (tj*- 
C6Me6)Sm(AlCl4)3 {III) the bonding between and the aromatic ring 
can be regarded as an electrostatically induced dipole interaction between 
Sm^^ and the 7 r-electron density of the electron-rich arene ring (Fig. 12 ). 
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coordination is not only limited to electron-rich aromatics, as (17^- 1 , 3 - 
QH4Me2)Sm(AlCl4)3 ( 772 ) and (T/^-QH6)Ln(AlCl4)3 ( 77 J) (Ln = La, Nd, 
Sm) can be prepared by reaction of LnCl3 with AICI3 in the presence of the 
appropriate arene. The Sm (Sm-QH^, = 2 . 89 - 2.93 A) and Nd (Nd-C^H^ = 
2.93 A) compounds (i) are isostructural with ( 114 ). 

Similarly, the first Ln^^*^ r/^-arene complex, cyclotetrameric [(T7^“QMe6)Er- 
(AlCl4)3]4 has been prepared ( 775 ). The (QMe5)Er(AlCl4)3 units are con¬ 
nected via four t/^-AIC^ groups. 

In comparison to these predominantly ionic interactions with Ln^^, tt- 
arene complexes of zero-valent lanthanides have been prepared by metal 
vapor synthesis {]] 6 a,b). Electron beam evaporation of Sc ( 116 a), Y 
( 116 b), or Gd ( 116 b) metal and cocondensation with excess 1,3,5-C6H3- 
/-BU3 afforded the first authentic structurally characterized Ln( 0 ) species 
Ln(T7^-C6H3-/-Bu3)2. The structure of the gadolinium complex was deter¬ 
mined by X-ray crystallography (Gd-Q^erage ^ 2.630 A) (Fig. 13 ). The 
benzene rings are staggered. Subsequently, the synthesis ( 777 ) of the 
complete range (Y ^ Lu) was attempted, of which Ln(T7^-QH3-/-Bu3)2 
(Ln = Nd, Tb, Dy, Ho, Er, Lu) could be isolated and was stable at 25 °C. 
A simple bonding model was presented on the basis of the observed 
stability trends and magnetism of these compounds. Three lanthanide 
valence electrons were proposed to be involved in bonding to the arene 
ring by promotion from . This model did not hold for the 

larger lanthanides La or Ce, which do not form stable bis(C6H3-/-Bu3) 
complexes, but have ground-state configurations. Thermochemical 
data ( 77 ^) quantifying these lanthanide-arene bond enthalpies supported 
the proposed model. Zero-valent lanthanide arene bonding is surprisingly 
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Fig. 13. Molecular structure of Gd(T)*’-CtHj-/-Buj) 2 . [Reproduced by permission from 
the Royal Society of Chemistry; from Brennan et at. (116b).] 


Strong with D(Ln-QH3-/-Bu3) = Y, 72 ; Gd, 68; Dy, 47 ; Ho, 56 ; Er, 57 
kcal mol“'. These enthalpies are comparable with those for M(T7*-arene)2 
(M = Cr, Mo, W) complexes. 

A more complicated example of intramolecular ir-arene coordination 
in which a remote phenyl group lies in a position geometrically favorable 
for interaction with an electrophilic lanthanide center has been reported. 
The phenyl-substituted trisalkoxides Ln(0-2,6-C(,H3Ph2)3 (Ln = Nd, Sm, 
Er, Yb, Lu) were prepared (// 9 ) by reaction of Ln metal powder, 
Hg(QF5)2, and the phenol in THE. In contrast to Yb( 0 - 2 , 6 - 
QH3Ph2)3(THF)2, THF-free Yb(0-2,6-QH3Ph2)3 possesses a novel intra¬ 
molecular TT-phenyl interaction (Yb-Caverage = 2.98 A) from one of the 
phenyl substituents of the aryloxide ( 119 ). A related, interesting example 
of T7^-7r-arene interaction of an aryloxide ligand occurs in [Ln(0-2,6-QH3- 
/-Pr2)3]2 (Ln = Nd, Sm) ( 120 ) has been confirmed by X-ray cyrstallography 
with Nd-Qv. = 3.035 A, and Sm-Cav = 2 . 986 , 3.016 A (2 independent 
molecules in asymmetric unit cell). The centrosymmetric dimer is held 
together by two rj^-arene bridges. This bonding mode is very similar to 
that observed in the uranium analogue (I 20 b). 
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IX 

CYCLOOCTATETRAENE COMPLEXES 

In comparison with the extensive chemistry of cyclopentadienyl com¬ 
plexes of the lanthanides, relatively few lanthanide complexes of the diani¬ 
onic, eight-electron donor cyclooctatetraene (COT) ligand { 121 ) have 
been reported, although they have been long established, i.e., 
(COT)LnCl(THF)^ (Ln = Ce, Pr, Nd, Sm) { 122 ). Reaction of LnClj with 
KjCOT affords (COT)LnCl(THF)^ (Ln = La, Sm, Lu), which, on alkyl¬ 
ation with LiCH2SiMe3 or Li(o-C6H4CH2NMe2) affords the corresponding 
mono-alkyl complex (COT)LnR(THF)^ { 123 ): 

(COT)LnCl(THF), + LiR ^ (COT)LnR(THF),. 

The molecular structure of (COT)Lu(o-C6H4CH2NMe2)THF was con¬ 
firmed by X-ray crystallography { 123 ). COT complexes are also accessible 
via reduction of COT by a lanthanide metal (Ln = La, Ce, Pr, Nd, Sm) 
in the presence of I2 { 124 ): 

Ln + CgHs + !:->■ (COT)Lnl(THF)^. 

Whereas monomeric (COT)CeI(THF)3 { 124 ) has a piano-stool geometry, 
I(COT)Ce(ju,-CI)(THF)2]2 is dimeric (/ 25 ). Alkylation of I(COT)Ln()u,- 
C 1 )(THF )]2 (Ln = Y, Sm, Lu) with LiCH(SiMe3)2 (2 eq) afforded the 
zwitteranionic dialkyl species (THF)2Li{/i-i7-,i7*-C8H8}Ln{CH(SiMe3)2}2 
{ 126 ) (Fig. 14 ). The X-ray structure of the Sm compound showed that 
unusually, the (THF)2Li fragment is tj- bound to the cyclooctatetraenyl 
ligand. 

Divalent (COT)Yb was generated by reaction of Yb metal with COT in 
liquid ammonia { 125 ). Addition of pyridine afforded (COT)Yb(C5H5N)3, 
which was crystallographically characterized { 127 ). Reaction of the substi¬ 
tuted cyclooctatetraene dianion [Li(THF)] 2 ll, 4 -CgH 6 (SiMe 3 ) 2 ] with 
MCl3(THF)3 (M = Sc, Y) led to the first monocyclooctatretraene half¬ 
sandwich yttrium complex [{CgHg(SiMe3)2}Y()u,-Cl)(THF)]2 and structur¬ 
ally characterized I{CgHg(SiMe3)2}Sc]2(/u.-Cl)2(THF), which contained an 
unusual semibridging THF { 128 ) (Fig. 15 ). 

Mixed sandwich complexes (C,Me5)M(COT) (M = Sc, Y, La, Pr, 
Sm, Gd, Tb, Dy, Er, Lu) { 129 ), C5(CH2Ph)5Lu(COT) { 130 ), and (COT)Sm 
(C5H4PPh2)(THF)2 { 131 ) have been prepared by reaction of (COT)MCl 
(THF)j with the appropriate cyclopentadienyl anion. Heterobimetallic 
SmRh species have been prepared from (COT)Sm(C5H4PPh2)(THF)2 { 131 ) 
and (C5Me5)Rh(CO)2. 

The complexes (CbT)Ln( 7 /^-C 5 H 5 )(THF )2 (Ln = Pr, Nd, Gd) and (COT)- 
Ln(i7Lindenyl)(THF)2 (Ln = Pr, Nd) have been synthesized, and for Ln = 
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C(25) 

Fig. 14. Molecular structure of (THF) 2 Li{/i-T 7 ^Tj^-CgH 8 }Ln{CH(SiMe 3 ) 2 } 2 . [Repronduced 
by permission from the Royal Society of Chemistry; from Schumann et al. (726).] 


Pr, both have been characterized by X-ray diffraction (132). SmCl 3 reacts 
with K 2 COT to afford (COT)SniCl(THF) 2 , which, when treated with 
K(2,4-dimethylpentadienyl) affords (COT)Sm(2,4-C5H5Me2)(THF) (133), 
Typical and NMR chemical shifts for diamagnetic lanthanide 
COT complexes are 8 6.0-6.7 ppm and 92-100 ppm, respectively. 



Fig. 15. Molecular structure of [{C 8 H 6 (SiMe 3 ) 2 }Sc] 2 (pi-Cl) 2 (THF). [Reproduced by per¬ 
mission from the Royal Society of Chemistry; from Burton et al. (128).] 
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Examination of the UPS spectra for (C5Me5)M(COT) (M = Sc, Y, La) 
( 129 ) and comparison of their ionization energies with their Ti, Zr analogs 
( 134 ) led to the conclusion that metal to ring bonding is almost completely 
ionic for the more electropositive group 3 metals. 

The versatility of the (COT)Ln fragment is demonstrated in that the 
mixed COT/pyrazolylborate and COT/benzamidinate compounds 
(COT)LnX (X = HBpz,, HBO.S-Mejpzj) and MeOQH4C(NSiMe3),) have 
been prepared ( 135 ). 

Complexes in which cerium adopts a formal Ce''^ oxidation state are 
very scarce. Cerium could adopt a Ce''^ ground-state configuration in 
Ce''^(COT^“)2. Self-consistent field calculations ( 136 ), however, indicate 
that the ground state is almost entirely 4 /', corresponding to Ce^’^ 
(C0T'^“)2. The 4 /' electron forms in combination with an electron from 
a ligand orbital, a 4/'e2H HOMO, instead of a 4/“e2H (Ce''^) ground 
state. This single-triplet splitting is ca. 0.5 eV. 

X 

CARBORANES 

The realization of the isolobal analogy between the cyclopentadienyl 
anion and the dicarbollide dianion [«Wo-7,8-C2B9H,i]^" resulted in a pleth¬ 
ora of transition metal carborane chemistry. Twenty years later, lanthana- 
carboranes have only recently begun to attract attention. Reaction of 
Lnl2 (Ln = Sm, Yb) with Na2[C2B9H,,] in THE afforded the mono(cage) 
compound Ln(C2B9H||)(THF)4. The X-ray structural characterization of 
the first c 7 oio-lanthanacarborane Yb(C2B9H,i)(DMF)4 ( 137 ) showed that 
the carbollide was r\^ bound to Yb. An anionic bis(carbollide) 
[PPN][Sm(C2B9H|,)2(THF)2], analogous to the bent metallocenes, was 
prepared by reaction of Sm(C2B9H,i)(THF)4 with [PPN][c/oio- 3 ,l, 2 - 
TIC2B9H,,]. Both carbollides are 17^ bound to Sm with a centroid-Sm- 
centroid angle of 132 °. This value is similar to other trivalent (C5Me5)2SmX 
complexes ( 138 ). From this, it was proposed that C^Me, and C2B9H1, have 
similar steric requirements ( 137 ). 

Reaction of equimolar quantities of Yb or Eu powder with decarborane 
(B,oH, 4) in liquid NH3 at - 40 °C gave, after heating under vacuum (desolva¬ 
tion), the closo-boT&nes Ln(B,oH,4) ( 139 ). Treatment of the NH3 solvated 
reaction mixture with MeCN afforded (MeCN)6Yb(jLi-H)2B|oH|2, which 
was identified by X-ray crystallography. Note that the borane is bound 
to Yb only via B-H bridges. 

The first carborane analog of an yttrocene derivative ( 140 ) [Li(THF)4] 
[YCl(THF){(Me3Si)2C2B4H4}2Li(THF)] was synthesized by reaction of 
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YC13 with Li2[2,3‘(Me3Si)2-23“C2B4H4]. The structure is of the bent sand¬ 
wich type with each yttrium 17'* bound to the C2B3 face of each carborane. 


XI 

HETEROCYCLOPENTADIENYLS 

The use of the phospholyl (C4Me4P) ligand as a C5Me5 substitute is 
attracting increasing attention. Reaction of Li(PC4Me4) with LnCl3 (Ln = 
Y, Lu) afforded (C4Me4P)2LnCl2Li(solvent)2 in moderate yield ( 141 ). 
BisCr/^^-phospholyl) and bis('J7-'^-arsolyl) lanthanide(II) complexes 
(C4Me4P)2Ln were prepared { 142 ) by reaction of Lnl2(THF)2 (Ln = Sm, 
Yb) with K(EC4Me4) (E = P, As), or by P-P or As-As bond cleavage of 
a biphospholyl or biarsolyl by the metal powders. The X-ray crystal struc¬ 
ture of (2,5-PC4H2Ph2)2Yb(THF)2 was reported (Fig. 16 ). 


XII 

MONOCYCLOPENTADIENYL COMPLEXES 

The growth of organolanthanide chemistry in the last decade has primar¬ 
ily developed around the bis(pentamethylcyclopentadienyl) ligand system. 
This has produced a wealth of fascinating reactions based on M(C5Me5)2Me 



Fig. 16. Molecular structure of (2,5-PC4H2Ph2)2Yb(THF)2. [Reprinted with permission 
from Nief et aL {142). Copyright (1993) Pergamon Press.] 
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( 81 , 143 , 144 ) and [M(C5Me5)2H]2 ( 51 , 75 , 76 , 145 ). Despite this increase in 
attention, relatively few niono(cyclopentadienyl) species were, until re¬ 
cently, known. Such species might allow increased steric and electronic 
unsaturation, and a broader range of neutral lanthanide alkyl coordination 
environments in, e.g., (CsMejlMRCX) (X = alkyl, alkoxide, amide). 
Mono(C5Me5) complexes, particularly of the larger, earlier lanthanides 
are scarce, due to facile loss of coordinating solvent, nonstoichiometric 
salt complexation, and a strong preference for formation of bis(C,Me5) 
lanthanide complexes. The anionic (CsMe^lLu alkyl complexes 
[Li(TMEDA)2][(C5Me5)LuMe3] ( 146 ) and '[Li(TMEDA)2][C5Me5)Lu-r- 
BU2CI] ( 147 ) have been long known. Some neutral monocyclopentadienyl 
complexes, i.e., (C5H5)NdCl2(THF)3, (QR^YbCKTHFlj (R = H, Me), 
and (C5H4-/-Bu)LuCl2(THF)2, have recently been synthesized and crystal- 
lographically characterized (i). These precursors have yet to display syn¬ 
thetic potential and are not addressed here further. 

Synthetic access to monocyclopentadienyl lanthanide chemistry has 
relied largely on non-chloride-containing precursors, thus circumventing 
problems associated with salt coordination as an inevitable consequence 
of alkylation methodology. For this reason, lanthanide triflates, iodides, 
and alkoxides have been frequently used. Reaction of Lu(0S02CF3)3 
with NaC5H5 affords crystallographically characterized (C5H5)Lu 
(0S02CF3)2(THF)3 ( 148 ). Reaction with LiCH2SiMe3 affords the bis-alkyl 
(C5H5)Lu(CH2SiMe3)2(THF)3 ( 148 ). The triflates were shown to be particu¬ 
larly useful leaving groups, although their use has yet to become wide¬ 
spread. 

A useful precursor to monolC^Mes) lanthanide complexes is (CjMe,) 
LnElTHF), (Ln = La, Ce) ( 149 ), prepared from THF-soluble Lal3(THF)3 
and KCsMes. Compared to the analogous reaction of only sparingly soluble 
(in THF) LnCl3, which favors bisCCsMe,) products, or gives mono(C5Me5) 
monomer-oligomer mixtures, these synthetic difficulties are effectively 
circumvented by use of THF-soluble Lnl3(THF)3. The larger iodides assist 
in stabilizing (C5Me5)Lnl2(THF)3. Additionally, the tendency for MI (M = 
alkali metal) salt coordination is reduced. Reaction of (C5Me5)Lal2(THF)3 
with KCH(SiMe3)2 (2 eq) afforded thermally unstable (C5Mej)La{CH 
(SiMe3)2}2(THF) ( 150 ). THF is frequently employed to stabilize organolan- 
thanides. Cyclic ethers, such as THF, are known to undergo electrophilic 
attack, with ring opening by MejSil to give Me3SiOCH2(CH2)„I (n ^ 1 ). 
THF-free (C5Me5)La{CH(SiMe3)2}2 can be prepared either by treatment 
of (C5Me5)La{CH(SiMe3)2}2(THF) with excess Me3SiI, or preferably, from 
[(CsMesILa^n, followed by alkylation (Scheme 6). Both (C5Me5)La{CH 
(SiMe3)2}2 (Fig. 17 ) and its THF adduct (Fig. 18 ) have been crystallographi¬ 
cally characterized ( 150 ). Their geometries differ primarily in the confor- 
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2 KCH(SiMe3)2 

(C5Me5)Lal2(THF)3-► (C5Me5)La{CH(SiMe3)2)2(THF) 


Me3Sil MeaSil 


2 KCH(SiMe3)2 

[(CgMesjLalgJn -► (C5Me5)La{CH(SIMe3)2}2 




Fig. 17. Molecular structure of (C 5 Me 5 )La{CH(SiMe 3 ) 2}2 • [Reprinted with permission 
from van der Heyden et al. {150). Copyright (1989) American Chemical Society.] 
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Fig. 18. Molecular structure of (CjMejILaiCHtSiMejIilifTHF). (Reprinted with permis¬ 
sion from van der Heijden et al. (ISO). Copyright (1989) American Chemical Society.] 


mations of the CH(SiMe3)2 ligands, and in the pyramidalization of the 
(C5Me5)La{CH(SiMe3)2}2 fragment, which results from THF coordination. 
In both complexes, both CH(SiMe3)2 ligands are significantly distorted in 
a manner similar to that previously observed in (C5Me5)2MCH(SiMe3)2, 
which is suggestive of a / 3 -Si-Me-La interaction rather than a y-C-H-La 
interaction. The subtle structural differences between these two interac¬ 
tions is discussed further (Section XVII). In particular, the y-Me groups 
of the interacting SiMe3 group are not oriented so as to dispose one C-H 
bond in the vicinity of the metal, in marked contrast to agostic / 3 - and 
y-C-H-M interactions. The near planarity of La-C„-Si-Me^ is reminis¬ 
cent of the planar four-center intermediate postulated and observed in 
;8-hydride elimination. 

The increasing interest in cationic Ti, Zr, and Th chemistry is, in part, 
associated with the realization that an important prerequisite is a “nonco¬ 
ordinating” anion. Tetraphenylborates are, however, not necessarily in¬ 
nocuous. For example, phenyl n coordination (possibly t)^) has been 
observed in Zr(CH2Ph)3(T)''-C,iH5)BPh3 ( 75 /) and Cp2ZrMe(BPh4) ( 152 ), 
and T7^-phenyl coordination has been established by X-ray crystallography 
in Zr(CH2Ph)3('>)'’-PhCH2B(QF5)3) ( 153 ). Cationic lanthanide alkyl com¬ 
plexes were accessed by reaction of (C5Me5)La{CH(SiMe3)2}2 with 
[PhNMe2H]BPh4 to afford the zwitterionic alkyl complex La(C5Me4){CH 
(SiMe3)2}BPh4, which reacts irreversibly with THF to displace the coordi¬ 
nated tetraphenylborate and afford the first cationic lanthanide alkyl com¬ 
plex [La(C5Me5){CH(SiMe3)2}(THF)3]BPh4 ( 154 ) (Scheme 7 ). On the basis 
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(C5Me5)La{CH(SiMe3)2}2 


[PhNMe2H]BPh4 

toluene 

• CH2(SiMe3)2 


Me 



THF 


Me 



BPh4 


of solid-state '^C CP-MAS NMR data in which four equal intensity BPh4 
Cipso resonances (all with ‘“ "B coupling) were observed, the coordination 
mode of tetraphenylborate was proposed to be (T}"-QH5)2BPh2 with two 
phenyl groups coordinated to La. A similar coordination environment was 
subsequently established by X-ray crystallography in Nb(Tj*- 
C6H5)2BPh2(MeC2Me) ( 755 ). Other cationic lanthanide complexes are 
[{l, 3 -C 5 H 3 (SiMe 3 ) 2 }Ln(NCMe)(dme)]BPh 4 (Ln = La, Ce) ( 156 a) and 
[(C5Me5)2Ln(L)2lBPh4 (Ln = Sm (I 56 b), Ce (/ 56 c); L = THF or THT). 
Ab initio calculations ( 157 ) on the cations ((C5H5)2Ln]^ (Ln = Sc, Lu) 
show them to have bent metallocene structures. Although it bonding 
dominates the covalent-bonding contributions, it is the (r-bonding contri¬ 
butions that were found to be responsible for the bent, rather than lin¬ 
ear, geometries. 

Homoleptic phenoxide complexes were introduced by Lappert to pre¬ 
pare homoleptic trisalkyl complexes Ln{CH(SiMe3)2}3 ( 23 ) to circumvent 
disproportionation or salt coordination. These also proved to be suitable 
for stepwise alkoxide substitution. Teuben has independently prepared 
( 158 ) Ce(C5Me5){CH(SiMe3)2}2 (Fig. 19 ) via alkylation of (CjMej) 
Ce(OAr)2 ( 158 ): 

Ce(OAr)3 + LiCjMcs-* (CsMe5)Ce(OAr)2 
(C5Me5)Ce(OAr)2 + 2LiCH(SiMe3)2-*Ce(C5Me5){CH(SiMe3)2}2. 
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Fig. 19, Molecular structure of (CsMejlCelCHtSlMejlj},. [Reprinted with permission 
from Heeres ei al. {158). Copyright (1989) American Chemical Society.] 

The X-ray crystal structure of (C5Me5)Ce(OAr)2 shows that one phenox- 
ide is almost linear (Ce-O-C = 158 °), while the other is significantly bent 
( 105 °). The Y analog also displays such disparity ( 129 ° and 168 °) ( 159 ). 
(C5Me5)Ce(OAr)2 reacts with LiCH(SiMe3)2 and NaN(SiMe3)2 to afford 
(C5Me5)Ce{CH(SiMe3)2}2, and (C5Me5)Ce{N(SiMe3)2}2, respectively, both 
of which have also been structurally characterized ( 158 ). 

Other routes to monolCjMe,) complexes have been investigated. Reac¬ 
tion of Ln{N(SiMe3)2}3 (Ln = Y, La, Ce) or Ln{CH(SiMe3)3}3 (Ln = La, 
Ce) with C5Me5H afforded a mixture of mono and bis(C5Me5) complexes 
( 160 ). Protonolysis of Y(o-C6H4CH2NMe2)3 with CsMcsH was more suc¬ 
cessful, introduction of a second C^Me, group being inhibited by the bulky 
chelating alkyl ligand: 

YCo-CjHiCHjNMe,), + CjMcsH-* (C5Me5)Y(o-CsH4CH2NMei), + CsHjCHiNMej, 

This methodology could not be extended to the larger La and Ce analogs. 
X-ray crystallography showed nitrogen chelation to Ce and a geometry 
indicative of a Y .. C-N agostic interaction (I 6 I). Thermolysis in THF 
results in dimeric complex via C-H activation of one NMe2 group on each 
yttrium center. 

Mono(C5Me5) cerium complexes can be prepared by protonolysis of 
(C5Me5)2CeCH(SiMe3)2 with /-BuOH ( 162 ): 

(C 5 Me 5 ) 2 CeCH(SiMe 3)2 + 2 i-BuOH — [(C5Me5)Ce(0-f-Bu),]2 + CHjtSiMejtj + CjMejH. 

Reaction of (C5H5)LuCl2(THF)3 with LiCH2CHMeCH2NMe2 (1 eq) gave 
selective monosubstitution and affords ((r5H5)Lu(CH2CHMeCH2NMe2) 
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CI(THF)2 . Intramolecular chelation of N to Lu was confirmed by X-ray 
crystallography ( 76 i). 

In contrast to (CjMcjIMRj (M = La, Ce) chemistry (vide supra), access 
to the corresponding lutetium species proved more experimentally de¬ 
manding { 164 ). This appears intuitively surprising given the smaller ionic 
radius of Lu’^. The synthesis of the mixed bis(alkyl) complexes (QMes) 
LuR'R"(THF) was achieved according to Scheme 8. [Li(TMEDA)] 


LuCl3(THF)3 + NsCgMBg 


• [NaCTHFXOEtallKCsMeslLuCy 
UCH(SiMe3)2 


Me 

Me——Me 
THF Me^l^Me 


THF-Li-Cl-Lu 


I 

THF 


/ ^CH(SiMe3); 


CH2SiMe3 


Me 

Me— 

Me-n^Me 

LiCHaSiMea tHF ^Cl Lu 

THF CH(SIMe3)2 


- LiCIfTHF) 


Me 



THF' 


^Lu 

/ ^CH(SiMe3)2 
CH2SiMe3 


[(C5Me5)Lu{CH(SiMe3)2}Clj] and [Li(THF)3][(C5Me5)Lu{CH(SiMe3)2} 
(CH2SiMe3)Cl] were crystallographically characterized { 164 ). The neutral 
mixed-alkyl species (C5Me5)Lu{CH(SiMe3)2KCH2SiMe3)(THF) could be 
isolated, albeit in low yield. Putative (C5Me5)Lu{CH(SiMe3)2}2 could not 
be prepared, presumably for steric reasons [cf. (C5Me5)Ln{CH(SiMe3)2}2 
(Ln = La {ISO), Ce ( 758 )]. As well as being, as expected, very sensitive 
to air and moisture, these monocyclopentadienyl lutetium compounds 
possess limited thermal stability, with slow decomposition being observed 
in the solid state at 20 '’C and in solution > 40 ®C. Interestingly, the bulkier 
l, 3 -diphenyl- 2 , 4 , 5 -trimethylcyclopentadienyl ligand proved useful in 
providing greater thermal stability and allowed synthesis of 
(C5Me3Ph2)Lu(CH2SiMe3)2(THF). In general, such cyclopentadienyl li¬ 
gands have yet to find widespread use in organolanthanide chemistry. 
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The polymerization of ethylene by [(C5Me5)2MH]2 ( 2 , 51 , 75 , 76 , 145 ), 
methane transmetallation, / 3 -methyl elimination, and propene oligomeriza¬ 
tion by [(C5Me5)2LuMe]2 ( 81 ) have recently led to fine tuning of the bis 
(C5Me5) ligand system in order to probe the possibilities and constraints 
of such catalysts. For example, variation of the cyclopentadienyl substitu¬ 
ents, or linking the cyclopentadienyl rings, has led to a-olefin oligomeriza¬ 
tion ( 165 ), cyclization of a, co-dienes ( 166 ), C-C cr-bond activation ( 167 ), 
hydroamination/cyclization of olefins ( 168 ), and isospecific a-olefin poly¬ 
merization ( 169 , 170 ). Replacement of the six-electron tt- donor C5Me7 by 
bulky four-electron donating alkoxides RO" should provide a suitable 
coordination sphere for oxophilic lanthanides. 

Reaction of Y(OAr)3 (OAr = 0-2,6-Cf,H3-/-Bu2) with KC^Me^ (1 eq 
toluene, 100 °C) resulted in the formation of Y(C5Me5)(OAr)2 in 70 - 80 % 
yield ( 159 ). Y(C5Me5)(OAr)2 reacts cleanly with KCH(SiMe3)2, with loss 
of insoluble KOAr, to give Y(C5Me5)(OAr)CH(SiMe3)2 (Scheme 9 ). In 
contrast to the facile hydrogenation of Ln(C5Me5)2CH(SiMe3)2 ( 51 , 75 , 76 ), 
hydrogenation of Y(C5Me5)(OAr)CH(SiMe3)2 to give trans-[Y(C^Mt^) 


Y(OAr)3 + 


KCsMes 


toluene 
100 “C 


(C5Me5)Y(OAr)2 


KCH(SiMe3)2 
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(OAr)(j[i-H)]2 was performed under 10 -bar H2. The hydride is constrained 
to bridge two yttrium centers because of the additional electropositivity 
of yttrium induced by the hard, electronegative ancillary alkoxide ligands 
(compared with its CsMes counterpart). This enables /x-H to disperse its 
additional negative charge resulting from Y-H bond polarization. 

The chemical shift and Y-H coupling of the /x-H resonance (6 5.64 
ppm, = 35.2 Hz) is similar to that found in other bridging (yttrium) 
hydrides ( 171 ) and is consistent with a (time-averaged) symmetrical Y(/x- 
H)2Y bridge. Low-temperature 'H NMR (- 90 ®C, C7D8) studies provided 
no evidence for an asymmetric Y(ja-H)2Y dimer, as apparently observed 
{ 145 b, 172 ) for [(C5Me5)2YH]2. Addition of excess THF (10 eq) to 
[Y(C5Me5)(OAr)(/a-H)]2 in CgDg does not result in splitting of the dimer 
(/ 7 i), in contrast to [(C5Me5)2YH]2 { 145 b). 

*’Y NMR spectroscopy is a potentially useful diagnostic tool for de¬ 
termining the influence of the ligand environment at the yttrium center. 
The *’Y NMR chemical shifts of Y{CH(SiMe3)2}3, Y(OAr)3, (C5Me5)2YCH 
(SiMe3)2, (C5Me5)Y(OAr)2, and (C5Me5)2YOAr were determined { 159 ). 
From this, C5Me5, OAr, and CH(SiMe3)2 group contributions to the ®^Y 
NMR chemical shift were calculated to be - 100 , + 56 , and +298 ppm, 
respectively. This gives an indication of the electrophilicity of yttrium 
and the relative electron-donating properties of these important ligands. 

Terminal olefins H2C=CHR (R = H, Me, n-Bu) react regiospecifically 
and irreversibly with [Y(C5Me5)(OAr)(jii-H)]T to give the /a-n-alkyl species 
tran5-[Y(C5Me5)(OAr)]2(/a-H)(|L4-CH2CH2R) (R = H, Me, n-Bu), respec¬ 
tively { 174 ) (Scheme 10 ). They are stable to / 3 -H elimination. In all reac- 


CsMes H .OAr 
f^o '^CsMe 



R = H, Me, Bu 
5 


cri^ 

I 

CsMes CH2 

A.S' V \ 


OAr 


CsMe. 


tions with terminal olefins there is no evidence for ^-isoalkyl species. In 
contrast to reaction of [(C5Me5)2LnH]2 with a olefins (Section XIII), the 
putative allyl species (C5Me5)(OAr)Y(T)LcH2CHCH2) is not formed. Reac¬ 
tion of [Y(C5Me5)(OAr)(^-D)]2 with propene yields selectively only trans- 
[Y(C5Me5)(6Ar)]2(jU.-D)(^-CH2CHDMe), confirming the nonreversibility 
of olefin insertion (Scheme 11). The ^-H,^-alkyls show disastereotopic 
a-CHi resonances confirming idealized molecular C2 (rather than C, im¬ 
posed by a c/i-geometry) symmetry, indicating a mutually rra«i-geometry 
for the C5Me5 and phenoxide ligands. /a-Propyl group rotation about the 
jti-H, fx-C^ vector occurs. As proposed { 175 ) for {Et2Si(C3H4)(C5Me4) 
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M} 2 ()Lt-H)()Lt“CH 2 CH 2 R) (M = Y, Lu) (Section XIV), equilibration of the 
diastereotopic C^H 2 's is achieved by inversion at a planar 
Dissolution of [Y(C 5 Me 5 )(OAr)()Lt-H )]2 in neat 1-hexene [giving 
Y 2 (At-H,)Lt-hexyl)] results in slow polymerization to yield poly(l-hexene) 
with = 15700, MJM,^ - 1.67. The molecular weight distribution {MJM^) 
suggests that only one active catalyst species is present, and that chain 
transfer occurs. Chain propagation is by 1,2-addition and termination 
by elimination. The polymerization is slow, due to the kinetically 
deactivated )Lt-H (and /i-alkyl) {175), resulting in slow initiation. 

A different reaction pathway is observed between [Y(C 5 Me 5 ) 
(OAr)()Lt-H )]2 and excess Me 3 SiC^CH to afford the )LL-acetylide [Y(C 5 
Me5)(OAr)]2(iLL-H)(iLL-C^CSiMe3) {176). 

In the )Lt-H,)Lt-alkyls the second /i-H is significantly kinetically deacti¬ 
vated (Scheme 12). For example, ethylene (10 bar, 25°C) does not insert 
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into fi-H of [Y(C5Me5)(OAr)]2(Ai-H)(/i-C=CSiMe3). Neither does 
[Y(C<jMe5)(OAr)]2(M-H)(/i-C=CSiMe3) react with excess Me3SiC^CH 
to give Y(C5Me5)(OAr)C^CSiMe3, although this can be prepared directly 
from Y(C,Me5)(OAr)CH(SiMe3)2 and HC^CSiMej. In addition, 
YjC/i-H./Li-propyl) reacts with Me3SiC=CH, not to give [Y(C5Me5)(OAr)]2 
(/i-Pr)(/i-C^CSiMe3), but the /i-H,/i-acetylide, the more basic ju-alkyl 
clearly being more suspectible to protonolysis than /i-H. 

Synthesis of the model compounds [Y(C5R5)2(/i-R')]2 (C3R5 = C5H5, 
C5H4Me, C5H4SiMe3; R' = Me, n-Bu) ( 173 , 177 ) was taken as evidence 
to support polymerization via a Y(/i-R')2Y intermediate. Reaction of 
Y(C5Me5)(OAr)2 with MeLi (1 eq) afforded the bis-/i-Me species 
[Y(C,Me5)(OAr)(/i-Me)]2 ( 174 ). The /i-alkyls Y(C5Me5)(OAr)(R) could, 
however, not be prepared from Y(C5Me5)(OAr)2 and RLi (1 eq; R = Et, 
n-Bu, CH2SiMe3, CH2CMe3) by similar synthetic procedures. 

The /i-Me group resonates in the 'H NMR at 8 - 0.08 (f, Tyu = 3.8 Hz), 
and at 8 30.92 (qt, Tch = ^04 Hz, J^q = 28 Hz) in the '-^C NMR. These 
data are in agreement with those found in [Y(C3Me5)(OAr)]2(/i-H) 
(/i-alkyls), and other symmetrically bridging jU-Me groups ( 82 a, 173 , 178 ) 
(vide supra). The synthesis of [Y(C5Me5)(OAr)(/Lt-Me)]2 provided an oppor¬ 
tunity to compare the reactivity of Y(/i-H)2Y and Y(/i-Me)2Y in a system 
possessing otherwise identical ligand environments. In contrast to 
Y(/i-H)2Y, Y(M-Me)2Y is cleaved by THE to afford Y(C5Me5)(OAr) 
Me(THF)2. The terminal methyl group resonates at 8 22.8 (dq, Jyc = 60 
Hz, JcH = 108 Hz), parameters that are virtually identical to those for 
Y(C5Me5)2Me(THF) ( 179 ), suggesting that such parameters are not neces¬ 
sarily good indicators of metal environment. 

Addition of 1.6 eq MeLi to Y(C5Me5)(OAr)2, or 1 eq of MeLi to [YIC, 
Me5)(OAr)(/i-Me)]2 affords the symmetrical yttrium trimer [YIC, 
Me5)Me2]3. A related species, oligomeric [(C5Me5)ScMe2].v has recently 
been reported ( 180 ). 

Elegant fine tuning of the steric requirements in bis(cyclopentadienyl)Sc 
systems were performed by Bercaw in {(C5Me4)2SiMe2}ScR and {(C5H3- 
r-Bu)2SiMe2}ScR (see Section XIII). Replacement of one of the cyclopen- 
tadienyl groups by a linked cyclopentadienyl-amide ligand in (C5Me4 
SiMe2N-r-Bu)ScR ( 166 ) resulted in a single-component, regiospecific 
a-olefin oligomerization catalyst ( 165 ). The dimeric /i-hydride [(C5Me4 
SiMe2N-f-Bu)Sc(PMe3)]2(/i-H)2 was prepared by hydrogenation of (C5Me4 
SiMe2N-f-Bu)ScCH(SiMe3)2 in the presence of PMe3. It possesses a C2 
symmetric structure as determined by X-ray crystallography. ^'P NMR 
studies indicated that phosphine dissociation is fast. 

[(C5Me4SiMe2N-?-Bu)Sc(PMe3)]2(/i-H)2 catalyzes the oligomerization of 
the a-olefins H2C=CHR (R = Me, Et, n-Pr) to the corresponding poly- 
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olefins with = 4000 - 6000 , and the polydispersity MJM„ = 1 . 7 - 2 , 1 . 
Chain propagation was exclusively by 1 , 2 -addition (i.e., ‘'head-to-taiP’) 
and termination (chain transfer) by / 3 -H elimination to give atactic poly¬ 
mers. Good evidence was obtained that the majority (if not all) of the 
scandium centers are active in the polymerization as the molecular weight 
distribution of the oligomers obtained at low propene conversion (where 
chain transfer effectively does not occur) corresponded well with a Poisson 
distribution based on the amount of monomer consumed, assuming all 
catalyst centers are active. As with [(C5Me5)Y(OAr)(^t-H)]2, polymeriza¬ 
tion rates were slow compared to Ziegler or single-component cationic 
Zr systems. 

In contrast to the reactivity observed with both [(C5Me5)Y(OAr)(^t-H)]2 
( 174 ) and related {Et2Si(C,H4)(C5Me4)M}2(A4-H)2 ( 775 ) (M = Y, Lu), in 
which insertion of a-olefins occurs to give only fx-H, ^t-alkyl products, 
[{(T7''-CsMe4)SiMe2(T7'-NCMe3)}Sc(PMe3)]2(A>t-H)2 ( 165 J 66 ) reacts with 
propene (Scheme 13 ) to afford bis()u-propyl) [{(T7^-C5Me4)SiMe.(7?'- 
NCMe 3 )}Sc] 2 (At-CH 2 CH 2 Me )2 ( 166 ) (Fig. 20 ). 



In extending this theme, compounds of the type (C5Me5)Sc(OR')R ( 180 ) 
were prepared. [(C5Me3)ScCl2]„ was prepared by reaction of (C^Me^) 
Sc(acac)2 with AICI3, acetylacetonate being transferred to the more 0x0- 
philic Al: 

(CsMe5)Sc(acac)2 + 2AICI3 —> [(C^MeOScCl^],, + 2AlCl2(acac). 

Treatment of (C5Me5)ScCl2(PMe3) with LiOR (R = 2,4,6-C5H2-t-Bu3 or 
3,5-QH3 -/-Bu 2) results in the (possibly dimeric) LiCl adduct (C^Me,) 
Sc(OR)Cl.LiCl { 180 ). The 3,5-C(iH3-r-Bu2-substituted alkoxide proved to 
be more amenable to alkylation; reaction of (C5Me5)Sc(OR)Cl.LiCl with 
MeLi or protonolysis of [(CjMcjlScMej],, (prepared from [(CjMejlScCy^ 
and MeLi) allowed the synthesis of [(C5Me5)Sc(/u,-0-3,5-C(,H3-r-Bu2)Me]2. 
Its lack of reactivity is ascribed to robust alkoxide bridges. In comparison 
with the similar [(C5Me5)Y(0-2,6-QH3-r-Bu2)(ju-Me)]2, it is better formu¬ 
lated as [(C<iMe<i)Sc(0-3,5-C(,H3-r-Bu2)(/a-Me)]2. The kinetically deacti- 
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Fig. 20. Molecular structure of [{(r)LC 5 Me 4 )SiMe 2 (r)'-NCMe 3 )}Sc] 2 (#t-CH 2 CH 2 Me) 2 . [Re¬ 
printed with permission from Piers et al. (166). Copyright (1990) Georg Thieme Verlag.j 


vated ^t-Me groups do not react with ethylene, propylene, Hj, MeC2Me, 
THF, or pyridine. 

In related scandium chemistry using a dianionic carbollide ligand 
as cyclopentadienyl substitute, anionic [Li(THF)3][(C5Me5)Sc(C2B9H||) 
CH(SiMe3)2] {I 8 I) was prepared, via alkylation of (C5Me5) 
Sc(C 2B9H,|)(THF)3, and crystallographically characterized. As in the an¬ 
ionic lutetium complexes above, there is little or no distortion of the 
CH(SiMe3)2 groups. 


XIII 

BIS(CYCLOPENTADIENYL) 

The introduction of the pentamethylcyclopentadienyl ligand has revolu¬ 
tionized organolanthanide chemistry. More attention has been focused 
on, and more progress and understanding achieved in, this area than any 
other. Although outside the time frame of this review, it is pertinent to 
sketch some background. The enhanced stability and solubility caused by 
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C5Me5 incorporation was first appreciated by Brintzinger ( 182 ) in organoti- 
tanium chemistry and was elegantly developed by Bercaw ( 183 ). Subse¬ 
quent exploitation in organoactinide chemistry by Marks { 184 ), and the 
brief mention of the long lifetime of (C5Me4Et)2Y(n-Bu) U 85 ) toward ethyl¬ 
ene polymerization led to seminal work by Watson ( 81 , 144 ). This was 
then developed ( 186 ), principally by Marks, Evans, and Teuben. Because 
of the plethora of published literature, it is not my intention to provide 
comprehensive coverage of this area. It is important to appreciate that 
compounds such as [(C5Me5)2MX]2 (M = Y, Lu; X = H, Me) ( 1 , 2 , 81 ), 
[(C5Me5)2SmH]2 ( 145 ), [(C5Me5)2YH]2 ( 187 ), and (C5Me5)2ScMe ( 188 ) have 
been prepared; propene oligomerization, methane transmetalation, and 
/ 3 -Me elimination also were established ( 144 ) prior to the period that this 
review covers. 

Bis(pentamethylcyclopentadienyl) lanthanide precursors are commonly 
prepared by reaction of LnC^ with (C5Me5)M (M = Li, Na, K). In this 
manner, virtually all the lanthanide precursors (C5Me5)2LnCl2ML2 or 
(C5Me5)2LnCl are accessible. In addition, the X-ray crystal structures ( 3 , 
9 ) of (C5Me5)2YbCl2Li(OEt2) ( 189 ), [(C5Me5)2CeCl2K(THF)]„ ( 190 ), 
(C5Me5)2CeCl2Li(OEt2)2 ( 149 , 191 ), (C,Me5)2PrCl2Na(dme)2 ( 192 ), and 
(CjMejIjLnCl [Ln = Y ( 193 ), Ce ( 190 ), Nd ( 194 ), Sm ( 195 ), Ho ( 192 ), 
Yb ( 195 ), Lu ( 196 )], as well as [(C5Me5)2SmCl]3 ( 197 ) and (C5Me5)2Y(iU- 
Cl)Y(Cl)Y(C5Me5)2 ( 198 ) have been determined. 

The chemistry of (C5Me5)2MCH(SiMe3)2 was extended by Teuben to 
yttrium ( 75 ) and cerium ( 76 ). Reaction of salt-free (C5Me5)2YCl(THF) 
with LiN(SiMe3)2 or LiCH(SiMe3)2 afforded (C5Me5)2YN(SiMe3)2 and 
(C5Me5)2YCH(SiMe3)2, respectively ( 75 ). Their X-ray crystal structures 
have been determined. Both display y-Me . . . Y secondary interactions 
(Section XVII). Solid-state '^C CP-MAS spectra indicated several flux- 
ional processes for the X(SiMe3)2 (X = N, CH) groups. A relative order 
of activation energies Ej^> Ec> E^ was proposed on the basis of pattern 
and intensities of the resonances (Scheme 14 ). These intramolecular y- 
agostic, N Y 7r-donation, and a-C-H-Y interactions reduce the elec¬ 
tronic unsaturation in these formally 14 -electron systems. 
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Facile insertion ( 199 ) of unsaturated substrates such as CO2 and rBuCN 
into the Y-alkyl bond of (C5Me5)2YCH(SiMe3)2, and the less sterically 
hindered (C5Me,)2YCH2QH3-3,5-Me2 ( 200 ) occurs (Scheme 15 ). The X- 



CH(SiMe3)2 

y' 

\ 

CN'Bu 


CH(SiMe3)2 



CMe, 


ray crystal structure of (C5Me5)2Y(i7^-CCH2QH3Me2)=N(2,6-xylyl)THF 
has been determined. The reaction of (C5Me5)2YCH(SiMe3)2 and 
(C5Me5)2YMe.THF with acidic hydrogen-containing substrates has been 
investigated ( 200 ). Facile protonolysis of Y-C„ bond was observed. In 
this manner, alkoxides (C5Me5)2YOR(OEt2) (from ROH) and acetylides 
(C5Me5)2Y—C=CR (from RC^^H) were prepared. Reaction with excess 
terminal acetylene resulted in the catalytic regioselective dimerization to 
l-en- 3 -ynes. As was also observed for {(C5Me5)2LuX}2 (X = H, Me) and 
(C<iMe5)2ScMe, (C5Me5)2YCH(SiMe3)2 and (C5Me5)2YMe.THF metalate 
pyridine at an a-position to afford (C5Me5)2Y(i7^-NC5H4). Thermolysis 
of (C5Me5)2YCH(SiMe3)2 in l,3,5-C4H3Me3 selectively afforded the 3 , 5 - 
isomer (C5Me5)2YCH2QH3-3,5-Me2 ( 145 b). A cr-bond metathesis pathway 
was favored, instead of (intramolecular) C-H activation of a C^Me, methyl 
group, to afford the putative fulvene (C5Me5)(i7*-C5Me4CH2)Y [cf. 
(C5Me5)(T}^-C5Me4CH2)Sc ( 143 ), (C5Me5)(T}‘>-C5Me4CH2)Ti ( 201 ), and 
(C5Me5)(i7‘-C5Me4CH2)TiMe ( 202 )], and subsequent mesitylene activation. 
The related bridging fulvene (C5Me3)2Y(/u.-i7',i7’-CH2C5Me4)(/u.-H)Y 
(CjMej) ( 203 ), [cf. (C^Mef) 2 Ti(/i-r,',r)^-CH 2 C;Me 4 )(fi- 0 ) 2 Ti(CiMes) ( 204 )], 
prepared from thermolysis of [(C5Me5)2YH]2 (/ 45 b) in cyclohexane, does 
not react with mesitylene under comparable conditions. 

On the basis of two different 'Jyh coupling constants, and just one 
observed 'H NMR resonance, [(C5Me5)2YH]2 was proposed to be a dimer 
with both hydrides asymmetrically bridging (/ 45 b). This is different from 
that found in (C5Me5)2M(/a-X)M(X)(C5Me5)2 (M = Y, Lu; X = H, Me). 
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[(C5Me5)2YH]2 was recently shown {I 45 d) to have, after all, symmetrical 
ligands. 

(C5Me5)2CeCH(SiMe3)2 { 76 , 205 ) might be expected to possess different 
reactivity than its yttrium counterpart because of the larger { 14 ), hence less 
sterically saturated, cerium metal center. (C5Me5)2CeCH(SiMe3)2 could be 
prepared by reaction of (C5Me5)2CeCl2Li(THF)^ with LiCH(SiMe3)2 • The 
yield is, however, poor, because the reverse reaction, metalation oif LiCl 
by (CsMe5)2CeCH(SiMe3)2, occurs. In the presence of TMEDA, this is irre¬ 
versible: 

(C 5 Me 5 ) 2 CeCH(SiMe 3 ):, + 2LiCl(CsMeO^CeC/i-CD^LUTMEDA), + LiCHCSiMe,).. 

Thus, (C5Me5)2CeCH(SiMe3)2 is better prepared from [(C5Me5)2CeCl]„ and 
LiCH(SiMe3)2: 

[(C5Me5)2CeCl], + LiCH(SiMe3)2(C5Me5)2CeCH(SiMe3)2. 

Structural characterization reveals, as well as the ubiquitous a-C-H-M 
interaction, a secondary / 3 -Si-Me-Ce interaction (Section XVII). Hydro¬ 
genation is facile and affords [(C5Me5)2CeH]2. The thermolysis { 206 ) of 
(C5Me5)2LnCH(SiMe3)2 (Ln = Y, La, Ce) and (C5Me5)2CeCH2C6H3Me2 in 
C(P^2 has been investigated. Loss of CH2(SiMe3)2 indicating hydrogen 
abstraction from C^Me^) and, for M = La and Ce, a tetranuclear complex 
[(C5Me5)3{^t-T7\T7',T7^-C5Me3(CH2)2}Ln2]2 has been isolated, and for Ln = 
Ce, crystallographically characterized: 

(C5Me5)2LnCH(SiMe3)2 ^ [(C5Me5)3{/i-T7\T7*,T7LC5Me3(CH2)2}Ln2]2 + CH2(SiMe3)2. 

The C5Me3(CH2)2 ligand bridges three cerium atoms and is double met- 
alated at two adjacent methyl groups. The fulvene (C5Me5)(C5Me4CH2)Ln 
was postulated as a possible intermediate. With Ln = Y, secondary reac¬ 
tions (C-H activation of solvent or CH2(SiMe3)2 led to complex product 
mixtures. Because of the smaller charge/ionic radius ratio of the larger 
lanthanides, C-H activation of saturated substrates is less kinetically 
favored, and the thermodynamically stable tetranuclear products can be 
isolated. 

(C5Me5)2LnCH(SiMe3)2 (Ln = Y, La, Ce) are precatalysts for the oligo¬ 
merization of terminal acetylenes HC^CR { 207 ). The active catalysts are 
[(C5Me5)2Ln—C^CR],,. The regioselectivity and extent of oligomeriza¬ 
tion is dependent on various factors, including the size of the lanthanide 
metal and the substituent R. For Ln = Y, and with the bulky R groups 
/-Bu and /‘Pr, regioselective head-to-tail dimerization to linear 
H2C=C(R)—C=CR was observed: 

2HC=CR H.C^CCR)—C^R. 

For Ln = La and Ce, higher oligomers (trimers and traces of tetramers) are 
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also formed. These lanthanide-mediated 1-alkyne couplings were gener¬ 
ally less selective than for Ln = Y. With R = Ph or SiMej, the dimer 
RHC=C(H)—C=CR is formed. As is typically observed for the smaller 
metal, yttrium, C-H activation by free l-alkyne of Y-R' (leading exclu¬ 
sively to dimers) is favored over l-alkyne insertion (leading to higher 
oligomers). The acetylides (C5Me5)2Ln—C^CR.L (Ln = Y, Ce, Sm) have 
been isolated and monomeric (C5Me5)2Sm—C^CPh(THF) {156b) has 
been structurally characterized. 

(C5Me5)2LnCH(SiMe3)2 (Ln = La, Ce) are efficient catalysts for the 
cyclodimerization of alkynes MeC^CR (R = Me, Et, n-Pr) to substituted 
3-alkyiidenecyclobutenes (208) (Scheme 16). The initial step is for- 


(C5Me5)2LnCH(SiMe3)2 
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mation of (C5Me5)2Ln—CH2C^CR (Ln = La, Ce). Although 
(C5Me5)2Y—CH2C=CR could be prepared, this was inactive toward 2- 
butyne, presumably for steric reasons. With bulkier R groups, only stoi¬ 
chiometric a-methyl C-H activation was observed. A mechanism was 
proposed via insertion of MeC^CR into Ln—CH2C=CR, followed by 
intramolecular insertion of the resulting pendant —C=CR group. In con¬ 
trast, acetonitrile reacted stoichiometrically with (C5Me5)2LnCH(SiMe3)2 
(Ln = La, Ce) to give dimeric [(C5Me5)2LnCH2CN]2 (209), containing 
bridging CH2CN units. Related (C5Me5)2ScR (R = H, Me, p-tolyl) react 
with R'CN to give the azomethine complexes (C5Me5)2ScNCR'R (210). 
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Reaction of the butadiene-Mg reagent Mg(C4H6)(THF)2 with 
(C5Me5)2La(/x-Cl)2K(dnie)2 afforded dimeric (C5Me5)2(THF)La(/x-i7',T7'^- 
CH2CHCHCH2)La(C5Me5)2, which was characterized by X-ray crystal¬ 
lography ( 277 ). 

In a sequence of three important articles by Marks, (C5Me5)2LnCH 
(SiMe,), (Ln = La, Nd, Sm, Lu) ( 57 , 272 ) and {Me2Si(C5Me4)2}LnCH 
(SiMe3)2 ( 275 ) were synthesized and for Ln = Nd, the X-ray crystal struc¬ 
ture determined. A close Nd-Me^ interaction was observed (Fig. 21 ). This 
was described as a model for (aborted) / 3 -Me elimination (Section XVII). 
The bulky CH(SiMe3)2 group has been extensively used in organolantha- 
nide chemistry, particularly to prepare sterically saturated (hence salt- 
and solvent-free) precursors which can undergo subsequent facile 
hydrogenation to afford the corresponding dimeric hydrides. Using such 
methodology, [(C5Me5)2LnH]2 ( 57 , 272 ) and [{Me2Si(C5Me4)2}LnH]2 ( 275 ) 
were prepared. These hydrides were shown to be extremely active for 
ethylene polymerization and olefin hydrogenation ( 27 ^). For ethylene poly¬ 
merization, activities correlated with the metal ionic radius La > Nd > Lu, 
and high-molecular-weight {M^ = 3 . 8-15 x lO^^), moderate polydispersity 
{MJM^ = 1 , 4 - 6 . 4 ) polyethylene was manufactured. It was proposed that 
chain transfer and / 3 -H elimination processes were not operable and that 
initiation limiting dissociation of dimeric [(C5Me5)2LnH]2 was responsible 
for the number of polymer chains produced per Ln initiator site being 
< 1 . 0 . The more “open” coordination sphere of Me2Si(C5Me4)2 results in 
an increase in activity for ethylene polymerization. Although extremely 
active with ethylene, reaction with a-olefins resulted in Tj^allyl formation. 



Fig. 21. Molecular structure of (C 5 Me 5 ) 2 NdCH(SiMe 3 ) 2 . (Reprinted with permission from 
Jeske et al. (52). Copyright (1985) American Chemical Society.] 
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{(C5Me5)2LnH}2 + 




via the following insertion, hydrogen abstraction process (Scheme 17 ). 
Butadiene is not polymerized by [(C5Me5)2LnH]2, but afforded the 
crotyl species (CsMes)2Ln(T7^-H2CCHCHMe). 

A detailed mechanistic study of olefin hydrogenation has been per¬ 
formed ( 214 ), For hydrogenation of 1 -hexene, the rate law is [Ln]‘[H2]‘ 
[olefin]® suggesting rapid olefin addition and insertion into Ln-H, followed 
by rate-limiting Ln-R hydrogenolysis. For the larger lanthanides (La, 
Nd, Sm) with structures (C5Me5)2Ln(/Lt-H)2Ln(C5Me5)2, the rate law for 
cyclohexene hydrogenation is [Ln]‘^'[olefin]'[H2]®, implying that cyclohex¬ 
ene insertion into Ln-H now becomes rate limiting. This is consistent 
with the additional steric shielding of the olefin and with the small extent 
of dissociation of the hydride dimer. In contrast, rapid preequilibrium 
dissociation of the L'oversaturated’') dimer (C5Mes)2Lu(/LL-H)LuH 
(C5Me5)2 ^ 2 kcal moL ‘) {I 44 c) is facile and was thus proposed 

to follow a kinetic rate law for cyclohexene hydrogenation of [Lu]‘ 
[olefin] ’ [H2]®. In contrast to the trend observed for ethytene polymerization 
the hydrogenation activities decrease (Lu > Sm > Nd > La) with increas¬ 
ing Ln^^ ionic radius ( 14 ). The higher charge/radius ratio of the smaller 
metals accelerate H2 activation in the concerted four-center transition 
state for olefin hydrogenation. The rate is also dependent on the coordina¬ 
tion sphere, i.e., (C^MeO^Ln > Me2Si(C5Me4)2Ln. The rate of insertion of 
substituted olefins display pronounced sensitivity to the steric constraints 
imposed by the ligand coordination sphere. Hence the relative rates for 
olefin insertion are Me2Si(C5Me4)2Ln > (C5Me5)2Ln. 

On the basis of/-element bond enthalpies, it was proposed that for a 
olefins, insertion into an Ln-H bond is quite exothermic (ca. 15 kcal 
mol ■ ‘). Conversely, this implies that jS-hydrogen elimination is disfavored. 

In an important contribution, the reactivity of (C5Me5)2ScR (R = Me, 
Ph, p-tolyl, CH2Ph) (all prepared by alkylation of the corresponding chlo¬ 
ride) was described ( 143 ). The hydride [(C5Me5)2ScH]„ (prepared by hydro¬ 
genation) is unstable in solution unless under an H2 atmosphere. Neverthe¬ 
less, it is a convenient source of (C5Me5)2ScEt and (C5Me5)2Sc(/2-Pr) by 
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reaction (stoichiometric) with ethene and propene, respectively. The mo¬ 
nomeric THF adduct (CjMe^l^ScHCTHF) is more stable and convenient 
to use. In general, the adducts (C5Me5)2LnH(THF) (Ln = Sc, Y) and 
(C5Me5)2LnMe(THF) (Ln = Sc, Sm, Y, Yb, Lu) are all stable, although 
the highly reactive [(C5Me5)2LuH]2 decomposes in diethylether, liberating 
ethane, to give (C5Me5)2LuOEt. The X-ray structure of 
(C5H5)-,YbMe(THF) has been reported ( 2 / 5 ) [cf. (C5Me5)-,YbMe.L (L = 
OEt2', THF) (I 44 d) and [(C5H5)2Yb(/A-Me)]2 (/ 77 ). 

Intramolecular H/D exchange of the C5Me5 methyl hydrogens in 
[(C^Me^liScH],, has been reported ( 143 ). In an interesting application, 
[(C5Me5)2ScD]„ (at 145 '’C under D2 in €(, 0 ^) catalyzed the bulk synthesis 
of C5(CD3)5H from C5(CH3)5H in high isotopic purity (2/6). 

[(C5Me5)2ScH]„ reacts with allene and metalates pyridine to afford 
(C5Me5)2Sc(T7LC3H5) and (C5Me5)2Sc(T7--C5H4N), respectively ( 143 ). The 
X-ray crystal structure of monomeric 14 -electron (C5Me5)2ScMe displayed 
no evidence for an a-agostic C-H-Sc interaction. In addition, the isotopic 
perturbation of 'H NMR chemical shift A8 between (C5Me5)2ScCH3 and 
(C5Me5)2ScCH2D was rather small. Due to CsMe, disorder, the X-ray 
crystal structure of (C5Me5)2ScEt, although consistent with a / 3 -C-H-Sc 
interaction, was not conclusive. 

(C5Me5)2ScMe activates the C-H bonds of a range of hydrocarbons 
including '’CH4, arenes, styrene, and alkynes: 


(C5Me5),ScMe + RH — (CjMesfiScR + CH4. 


Kinetic analysis of the degenerate C-H bond activation of '■’CH4 by 
(C5Me5)2MMe (M = Sc, monomer; M = Y, Lu, dimer) in cyclohexane as an 
inert solvent indicated two mechanistic pathways. Principally bimolecular 
kinetics were observed for Y, Lu indicating direct intermolecular C-H 
bond activation. For M = Sc, a unimolecular pathway was also observed 
indicating rate-determining intramolecular formation of a C5Me5 metalated 
species. The cyclometalated intermediate subsequently activates the C-H 
bond in a second, fast step (Scheme 18 ). The relative rates of C-H activa¬ 
tion of methane by (C5Me5)2MMe lie in the order Y ( 250 ) > Lu ( 5 ) > Sc 
( 1 ). This order was attributed to the relative electrophilicity of the metal 
center, but is also consistent with better substrate orbital overlap due to 
the increased ionic radius (Y > Lu > Sc). It was concluded that C-H 
bond activation proceeds via a concerted four-center transition state with 
little charge polarization. In comparison with [(C5H5)2M(jLt-Me)]2 (M = Y, 
Lu) ( 173 , 177 ) (Fig. 22 ), which do not react with methane, the sterically 
demanding C^Mes ligands inhibit formation of the corresponding very 
stable ju.-alkyl dimers. The absence of facile preequilibrium dissociation 
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in these very stable ground-state /x alkyls inhibits their kinetic activity, 
despite their apparent steric advantage. 

Slow decomposition of (C5Me5)2ScCH2(cyclo-C5H8) cleanly afforded 
methylcyclopentane and a crystalline scandium species containing a met- 
alated C5Me5. The X-ray crystal structure ( 2 / 7 ) showed this to be the 
dimer [(C 5 Me 5 )Sc{/a-(r)',r) 5 -C 5 Me 4 CH 2 )}] 2 . 

In a series of papers ( 168 , 169 , 218 , 219 ), the organolanthanide-catalyzed 
regiospecific hydroamination/cyclization of unsaturated amines was ad¬ 
dressed (Scheme 19 ). Rapid protonolysis of [(C5Me5)2LnH]2 by the (unpro¬ 
tected) amine, and rate-limiting ring formation involving irreversible intra¬ 
molecular olefin insertion into the Ln-amide bond, is consistent with the 


Me 

(C5Me5)2 M 

^Me 




Fig. 22 . Molecular structure of (C5Me5)2Lu(/i-Me)LuMe(C5Me5)2. [Reprinted with per¬ 
mission from Watson and Parshall (81 h Copyright ( 1985 ) American Chemical Society.] 
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determined rate law of [La]'[substrate]®. Protonolysis of the resulting 
Ln-C bond by free amine, to regenerate [(C5Me5)2LnH]2, is also rapid. 
Extensive isotopic labeling supported the proposed mechanism. At low 
substrate concentration, the active catalyst is proposed to be 
(C5Me5)2LnNHR(NH2R) { 218 ). The relative activity of a number of cata¬ 
lysts was measured. This ordering mirrors that found for the polymeriza¬ 
tion of ethylene and correlates with the steric unsaturation at the lantha¬ 
nide, i.e., [(C5Me5)2LaH]2 > [Me2Si(CjMe4)2LuH]2 > [(QMe5)2LuH]2. 
Diastereoselection is observed in the conversion of 
H2NCHMeCH2CH2CH=CH2 to 2 , 5 -dimethylpyrrolidine. The cis-ltrans- 
isomer ratio was dependent on the lanthanide size, the tt ligands, and 
the reaction temperature. Consistent with a sterically sensitive rate- 
limiting cyclization step, the more sterically hindered amine 
H2NCH2CMe2CH2CH=CH2 showed marked dependency on the size of 
the lanthanide metal La > Sm > Lu { 168 ). 

The readily accessible and conveniently prepared compounds 
(C5Me5)2Sm(THF)2 and (C5Me5)2Sm are also precatalysts for hydroamina- 
tion/cyclization via oxidation to trivalent (C3Me5)2SmX species ( 2 / 9 ) via 
allylic C-H activation: 


ZfCsMeOjSm + Me2N(CH2)jCH=CH2 

^ (CsMesJjSmfTj’-HjCCHCHfCHjfjNMej) + [(CjMeOjSmHlj. 
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Both organosamariutn species than react with primary or secondary 
amines to generate the (same) catalytically active (C5Me5)2SmNRR' 
complex. 

Incorporation of chiral groups into the cyclopentadienyls allows the 
formation of chiral {Me2Si(C5Me4)(C5H3R*)}LnCH(SiMe3)2 (Ln = La, Sm; 
R* = (-)-menthyl, (+ )-neomenthyl). These are precatalysts for the en- 
antioselective (with up to 74 % e.e), or diastereoselective hydroamination/ 
cyclization of unsaturated amines to piperidines or pyrrolidines, re¬ 
spectively. For example, the hydroamination^yclization of 
H2NCHMeCH2CH2CH=CH2 to 2 , 5 -dimethylpyrrolidine is mediated with 
> 95 % diastereoselectivity (for Ln = Sm) ( 169 ). 

These chiral organolanthanide catalysts were also used for asymmetric 
olefin hydrogenation ( 220 ). Hydrogenation of 2 -phenyl- 1 -butene occurred 
with high activity and moderate to excellent enantioselectivity, and obeyed 
a (hopefully, by now familiar) rate law of [Sm]''^^[H2]'[olefin]". The two 
pseudoenantiomorphous catalysts yield alkanes of opposite absolute con¬ 
figurations and with inequivalent e.e.’s, consistent with a stereodifferenti- 
ating insertion process into the Sm-H bond. 

Complexes (C5Me5)2LnCH(SiMe3)2 [Ln = Y ( 145 ), Nd ( 5 /)] catalyze 
( 221 , 222 ) the hydrosilylation of styrene to a mixture of branched and 
linear products: 

PhCH=CH 2 + PhSiHj ^ PhCH,CH,SiH,Ph + PhCHMeSiHjPh 

linear branched 

With both 1 -decene and the internal olefin 2 -heptene regioselective hydro¬ 
silylation gave only linear products, suggesting that the Nd-alkyl ( 222 ) 
species isomerizes rapidly. This work was expanded ( 22 /) to a variety of 
substituted and functionalized olefins. The precatalyst (C5Me5)2YSiH2Ph 
is formed in situ, which was proposed to further react with PhSiH3 to 
afford the catalyst [(C5Me5)2YH]2, and PhH2SiSiH2Ph. Olefin 'nsertion, 
followed by cr-bond metathesis of Ln-R with PhSiH^ completes ihe cata¬ 
lytic cycle. This mechanism is in agreement with the observed regioselec- 
tivity of olefin insertion (vide supra) ( 227 , 222 ). 

The utility of (C5Me5)2LnCH(SiMe3)2 was yet further extended to the 
catalytic (anti-Markownikoff) hydroboration of a wide range of unfunc¬ 
tionalized olefins { 223 ). Reaction with catecholborane (as boron source) 
resulted not in loss of CH2(SiMe3)2, but due to Ln^^-C^ , 
bond polarities results in [(C5Me5)2LnH]2 as catalyst, and (cate- 
chol)BCH(SiMe3)2. Olefin insertion and hydroboration of Ln-CH2CH2R, 
followed by oxidative workup, gave the product alcohol. As expected, 
the reaction rate is dependent on the steric demands at the metal center, 
hence La > Sm and Me2Si(C5Me4)2Ln > (C5Me5)2Ln, and on the degree 
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of olefin substitution. (C5Me5)2Sm(THF)2 is also active, by in situ oxidation 
to (C5Me5)2SmX, as was found for catalytic hydroamination/cycliza- 
tion. 

Catalytic dehydrogenation of organosilanes RSiH3 by organolanthanides 
is a convenient synthetic route to polyorganosilanes, from which ceramic 
precursors, etc., could be manufactured. The first lanthanide-silicon cr 
bond was obtained by reaction of (C5H5)2LnCl2Na(dme)2 (Ln = Sm, Lu) 
with LiSiMe3 to afford anionic [Li(dme)3][(C5H5)2Ln(SiMe3)2] ( 224 ). Dehy- 
drogenative coupling of silanes was investigated mechanistically ( 225 ). 
(C5Me5)2LnR (Ln = La, Nd, Sm, Y, Lu; R = H, CH(SiMe3)2) react with 
PhSiH3, eliminating RH, and forming polysilanes according to the rate 
law [(C5Me5)2LaCH(SiMe3)2]' [PhSiH3]'. The relative rates La <Nd < 
Sm < Y < Lu correlated well with the metal ionic radius, as was pre¬ 
viously observed for [(C5Me5)2LnH]2-catalyzed 1-hexene hydrogenation 
{ 214 ). Kinetic studies for [(C5Me5)2LaH]2 revealed the rate law [La]‘^^ 
[PhSiH3]' implying a dimeric La-Si species (C5Me5)2LaSiH2Ph in rapid 
preequilibrium with a reactive monomer. (C5Me5)2NdCH(SiMe3)2 cata¬ 
lyzes the dehydrogenation condensation of MeSiH3 at 90 °C to give poly 
(methylsilane). Pyrolysis gave / 3 -SiC ( 226 ). 

Reaction of (C5Me5)2LnCH(SiMe3)2 (Ln = Sm, Nd) with neat 
H2Si(SiMe3)2 afforded (C5Me5)2LnSiH(SiMe3)2 ( 227 ). Interestingly, the X- 
ray crystal structure shows a dimer supported by intermolecular Sm . . . 
CH3-Si interactions, similar to the intramolecular / 3 -Si-Me . . Ln interac¬ 
tions observed in (C5Me5)2LnCH(SiMe3)2 and (C5Me5)Ln{CH(SiMe3)2}2 ■ 

[(C5Me5)2SmH]2 and related (C5Me5)2LnMe(THF) complexes are precat¬ 
alysts for the polymerization of methylmethacrylate (MMA) to give 
poly(MMA) of high ( 50-550 x 10 ^) molecular weight and narrow polydis- 
persity ( 1 . 02 - 1 . 04 ) ( 22 S). The X-ray crystal structure of the catalyst 
(C5Me5)2Sm{(MMA)2H} was determined { 228 ). The two MMA molecules 
form an eight-membered cyclic structure, one being bound to Sm via an 
alkoxide in its enolateform, the other coordinating through its C =0 group. 


XIV 

BIS(CYCLOPENTADIENYL) LIGAND VARIATIONS 

The reactivity of the organolanthanides are very sensitive to the nature 
and steric influence of the ancillary ligands. In seeking new stoichiometric 
and catalytic transformations, substantial variations within the constraints 
imposed by the bis(cyclopentadienyl) ligand coordination sphere have 
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been investigated, i.e., [Me2Si(C5Me4)2]^ , [C5Me4SiMe2N-t-Bu]^ , 
[Me2Si(C5H3-t-Bu)2p-, and [Me2Si{C5H2-t-Bu(SiMe3)}2f-. 

Although (C5Me5)2ScMe is active for ethene polymerization, it reacts 
stoichiometrically and regiospecifically at the terminal sp^ C-H bond with 
substituted olefins, such as propene, to give vinylic C-H activation 
products: 

(C5Me-^)2ScMe + H2C=CHR —> (C5Me5)2Sc—CH=CHR + CH4. 

This was assigned to unfavorable steric interactions between the olefin 
substituent and the C5Me5 ligands, preventing olefin 7 r-bond coordination 
to the relatively small Sc center. Incorporation of the less sterically hin¬ 
dered ligand framework in [{Me2Si(C5H3-f-Bu)2}Sc(/x-H)]2 { 167 ) allows 
reaction with butadiene and nonconjugated dienes ( 1 , 4 -pentadiene, 
H2C=CMeCH2CH=CH2, H2C=CHCHMeCH=CH2) to give allyl spe¬ 
cies {Me2Si(C5H3-/-Bu)2}Sc(i7^-CH2CRCR'R") (Scheme 20 ). These same 
allyl species were also accessible via reaction with methylenecyclopro- 
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pane, isoprene, 2 , 3 -dimethylbutadiene, and 1 , 4 -hexadiene, respectively. 
These remarkable transformations, involving C-C o--bond activation by /8- 
alkyl elimination were probed by extensive '^C-labeling studies. Catalytic, 
albeit a few turnovers, transformation of 1 , 4 -pentadienes (excess) via C-C 
<j bond activation was also reported (. 167 ). 

In related studies, using a dimeric yttrium hydride, and with a cleverly 
designed bridged cyclopentadienyl ligand substituted to favor the rac- 
isomer, the isospecific a-olefin polymerization catalyst [/-ac-Me2 
Si(2-SiMe3-4-/-BuC5H2)Y(/i-H)]2 has recently been reported ( 170 ). This 
gave highly ( 97 %) isotactic poly(l-olefins), with moderate molecular 
weights. For example, for poly(I-hexene), = 24000 , MJM„ = 1 . 75 . 

The scandium hydride {Me2Si(C5Me4)2}ScH(PMe3) catalyzes the hydro- 
cyclization of 1 , 5 -hexadiene to methylcyclopentane ( 166 ). The pendant 
phosphine-linked cyclopentadienyl complex {Me2Si(C5Me4)(C5H3CH2 
CH2P-r-Bu2)}ScCH(SiMe3)2 was prepared ( 229 ) to ascertain the influence 
of a high effective phosphine concentration on the catalytic activity of 
the Sc-alkyl. 

To probe the mechanism of chain propagation and transition state geom¬ 
etry for olefin insertion into a d° metal-carbon bond, the hydrocyclization 
of the specifically deuterated 1 , 5 -hexadiene trans,trans-\,6-d2-\ 
diene to a mixture of cis- and //'a/i5-t/2-methylcyclopentane by {Me2Si(C5 
Me4)2}ScH(PMe3) was investigated ( 230 ) (Scheme 21 ). The excess of the 


CHaD 



/rans-isomer (trans. cis = 1 . 19 : I) was assigned to stereochemical parti¬ 
tioning due to a kinetic deuterium isotope effect in the diastereomeric 
intermediate Sc-CHD(CH2)3CH=CHD (hence prior to cyclization and 
hydrogenation) due to the preference for a-H rather than a-D agostic 
interaction. Related studies by Grubbs ( 231 ) indicated that a-activation 
is not significant in either the rate or stereochemistry of olefin insertion, 
although Brintzinger ( 232 ) found a similar product distribution to Bercaw 
due to a kinetic isotope effect. 

In a comprehensive contribution ( 175 ), the linked bis(cyclopentadienyl) 
R2Si(C5Me4)(C5H4) (R = Me, Et) was used to prepare dimeric fi-H species 
{R2Si(C5H4)(C5Me4)M}2(M-H)2 (M = Y, Lu) ( 175 ). In contrast to the bridged 
cyclopentadienyls previously used, the steric properties of each cyclopen¬ 
tadienyl ring (C5Me4 versus C5H4) are quite different. This resulted in 
some unique chemistry, with the ligand R2Si(C5Me4)(C5H4) spanning the 
two lanthanide centers, in a bimolecular fashion. {Me2Si(C5H4)2Yb(/i-X)}2 



336 


COLIN SCHAVERIEN 


[X = Cl ( 233 a), Br ( 233 h)] also have such bridging structures. Monomeric, 
crystallographically characterized {R2Si(C5Me4)(C5H4)}MCH(SiMe3)2 was 
prepared by standard synthetic methodology ( 175 ) (Fig. 23 ). 

These undergo hydrogenation, a rather sterically insensitive reaction, 
at a rate 10^ slower (decreased ligand electron donation leads to diminished 
charge stabilization at the four-center transition state) than their 
(C5Me5)2MCH(SiMe3)2 or {Me2Si(C5Me4)2}MCH(SiMe3)2 counterparts to 
give dimeric {R2Si(C5H4)(C5Me4)M}2(Ai-H)2. NMR evidence was obtained 
for an intermediate possessing a /x-CH(SiMe3)2 group, of possible formula¬ 
tion {R2Si(C5H4)(C5Me4)M}2{M-CH(SiMe3)2}H. Reaction of /u-hydride 
{R2Si(C,H4)(C5Me4)M}2(M-H)2 with a-olefins H2C==CHR (R = H, Me, 


A 


B 


Fig. 23. Molecular structure of {R 2 Si(C 5 Me 4 )(C 5 H 4 )}MCH(SiMe 3 ) 2 . [Reprinted with per¬ 
mission from Stern et al. {175). Copyright (1990) American Chemical Society.] 
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«-Bu) afforded the /i.-alkyl species {R2Si(C5H4)(C5Me4)M},(/i,-H)(/i,- 
CH2CH2R) (Scheme 22 and Fig. 24 ). 



Polyolefins or bis(/i.-alkyl) insertion products were not observed, [cf. 
olefin insertion into [(C5Me5)Y(OAr)(/i,-H)]2 ( 174 ) and [{(7}^-C5Me4) 
SiMe2(T}'-NCMe3)}Sc(PMe3)]2(M-H)2 ( 165 , 166 ). /x-Alkyl rotation about the 



Fio. 24 . Molecular structure of {R2Si(C5H4)(C5Me4)M}2(/Lt-H)(At-Et). [Reprinted with per¬ 
mission from Stern el at. ( 175 ). Copyright ( 1990 ) American Chemical Society.] 
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/x-H, fJL-C^ vector occurs. This cannot, however, effect the equilibration 
of the diastereotopic a-CHi protons. Equilibration of these a-methylene 
protons occurs by inversion at via a planar /x-alkyl group transition 
state. 

The /x-ethyl group is bound very unsymmetrically with Lu-C„-C^ = 
148 ° and 84 . 7 ° and Lu-C„ = 2.46 and 2.58 A. The relatively short Lu . . . 
Cp ( 2.78 A) is suggestive of a secondary interaction. Kinetic analysis of 
the insertion of 1 -hexene (rate law = A[dihydride]’[olefin]*) into /x-H 
showed that in comparison to terminal Ln-H with similar ligand coordina¬ 
tion spheres the bridging hydrides are significantly kinetically deactivated 
(by 10®-10‘®) with respect to olefin insertion and-that the /x-alkyls are 
kinetically deactivated (by 10 ^- 10 ^) with respect to hydrogenolysis. In 
{Et2Si(C5H4)(C5Me4)Lu}2(/x-H)(/x-hexyl) it was concluded that jS-H elimi¬ 
nation was endothermic by 11 kcal mol"*, implying that the difference in 
bond dissociation energy D{Lu2(/x-H)} - D{Lu2(/x-hexyl)} = 24 kcal mol" *. 
This indicates that /x-alkyls are not necessarily more thermodynamically 
stable than their terminal counterparts. 

XV 

REACTIVITY OF (C5lVle5)2Ln WITH ALUMINUM/GALLIUM REAGENTS 

The reactivity and chemistry of the methyl species (C5Me5)2LnMe spe¬ 
cies with aluminum and gallium reagents has been investigated. 
(C5Me5)2Ln(/x-Me)2MMe2 (Ln = Y, Lu; M = Al, Ga) ( 81 , 82 ) undergoes 
temperature-dependent reversible dimerization to the eight-membered 
ring complex (C5Me5)2Ln[(/x-Me)2M(/x-Me)2]2Ln(C5Me5)2 (Scheme 23 ). 

Me Me 

\ / 

Me Me 

/ \ 

(C5Me5)2Ln Ln(C5Me5)2 

Me 

^Ar 

Me Me 

Similarly, reaction of (C5Me5)2Sm(THF)2 with excess AlMe3 gave 
(C5Me5)2Sm[(/x-Me)2Al(/x-Me)2]2Sm(C5Me5)2 ( 82 b). These possess a planar, 
square-shaped Ln(C-M-C)2Ln ring with the Ln-C-M angles being essen¬ 
tially linear. NMR analysis of a range of bridged methyl species allowed 
( 82 a), on the basis of J^h Jyc coupling constants, differentiation be- 
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tween the various possible coordination modes of the ^t-Me group (bent 
bridge, linear asymmetric, and linear symmetric) (Scheme 24 ), 
(C5Me5)2LnMe reversibly dimerizes to the symmetric linear-bridged 
dimer. 

Me bent bridge 

"M’ 


H . 

M - C' .H M’ iinear asymmetric 

'h 


H 



M’ 


linear symmetric 


The C5Me5 groups are sufficiently bulky to inhibit formation of two bent 
methyl bridges as found in (C5H5)2Y()Lt-Me)2Y(C5H5)2 ( 775 , 777 ). Addition 
of excess AlEt3 to (C5Me5)2Sm afforded an unusual example of a fx-Et 
bridged species (C5Me5)2Sm(/Lt-Et)2AlEt2 ( 234 a) (Fig. 25 ): 

(C5Me5)2Sm + AlEt3 ^ (C5Mes)2Sm(/A-Et)2AIEt2 + Al. 

The /ji-Et groups are highly distorted with the methyl groups pointing 
away from the (C5Me5)2Sm wedge (Sm-C„-C^ = 170 *"). Likewise, reaction 



Fig. 25. Molecular structure of (C 5 Me 5 ) 2 Sm(/A-Et) 2 AlEt 2 . [Reprinted with permission 
from Evans et al. {234a). Copyright (1987) American Chemical Society.] 
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of (C5Me5)2Yb(THF) with AIEtj afforded (€5X105)2YbC^-EDAIEt^fTHF) 
( 234 b). Interestingly, both carbons of the ^i-Et bridge were found to be 
within bonding distance of Yb. 

Reaction of (C5H5)2LuCI with LiAIH4 in the presence of the Lewis base 
NEt3 results in the initial formation of dimeric [(C5H5)2Lu(jU.-H)2AIH2 
(NEt3)]2. This dissociates in the solid state to afford monomeric 
(C5H5)2Lu(^i-H)AlH3(NEt3), containing an unusual monodentate AIH4 
group ( 235 ). 


XVI 

ISOCARBONYLS AND LANTHANIDE-TRANSITION METAL BONDS 

Reactions of transition metal carbonyl species with organolanthanides 
invariably results in the product (if isolated) possessing an isocarbonyl 
Ln(M-OC)M moiety. Hence, in (C5Me,)2Yb(/a-OC)2Mn(CO)3 ( 256 ), { 1 , 3 - 
C5H3(SiMe3)2}Ce(/i-OC)2W(CO)2(C5H5) ( 237 ), (C5H5)Yb(THF)(/i-OC) 

Co(CO)3 ( 238 ), [(C5Me5)2Sm(^i-OC)2Fe(C5Me5)]2 ( 239 ) there is no lantha¬ 
nide transition metal bonding, the heterobimetallic dimer being supported 
by the isocarbonyl ligands. The structure ( 240 ) of {[(MeCN)3YbFe(CO)4]2 
• MeCN}. consists of polymeric ladders with each Yb^^ coordinated to 
two isocarbonyls. There is also a direct Yb-Fe interaction. This was 
ascribed to a [(OC)4Fe]^" —» Yb^* dative bond, similar ( 241 ) to that found 



Fig. 26. Molecular structure of (C 5 H 5 ) 2 (THF)LuRu(CO) 2 (C 5 H 5 ). (Reprinted with permis¬ 
sion from Magomdeov et al. (245). Copyright (1993) American Chemical Society.) 
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in unsupported (C5Me5)2(I)Th-Ru(CO)2(C5H5) { 242 ). (C5H5)2(THF)YRe2 
H7(PMe2Ph)4 { 243 ) and (C5H5)2LuRe2H7(PMe2Ph)4 { 243 ) have open-trian¬ 
gular (Y-Re-Re) and closed-triangular heterotrimetallic units, respec¬ 
tively. These polyhydrides possess Y-Re and Lu-Re bonds bridged by 
two hydrides. Similarly, reaction of KCCPMcjljWH,] or K[(C5H5)2NbH2] 
(prepared in situ by deprotonation with KH in THF) with Ybl2 ( 0.5 eq) 
afforded {(PMe3)3WH5}2Yb(diglyme) or {(C5H,)2Nb(/Lt-H)2}2Yb(diglyme), 
respectively { 244 ), The X-ray crystal structures of both compounds were 
determined and possess hydride-bridged W-Yb and Nb-Yb bonds. An 
elusive example of an unsupported lanthanide-transition metal bond was 
found in (C<iH5)2(THF)Lu-Ru(CO)2(C5H5) { 245 ). X-ray crystallography 
confirmed the absence of bridging carbonyls (Fig. 26 ). 


XVII 

r-C-H-Ln VERSUS /3-SI-Me-Ln INTERACTIONS 

In the structurally characterized organolanthanides containing a 
N(SiMe3)2 or CH(SiMe3)2 group, it has remained difficult to unequivocably 
differentiate between y-C-H-Ln and /3-Si-Me-Ln interactions. A fi- 
Si-Me-Ln interaction will manifest itself by having Ln-C„-Si( 2 )-Me^ 
essentially coplanar and with a distorted geometry around the a-carbon 
atom, such that typically Ln-C„-Si^(l) = 120 - 135 ° and Ln-C„-Si^( 2 ) = 
95 - 105 °. This has been observed crystallographically. The consequence 
of this distortion allows the y-Me group to interact with the electrophilic 
lanthanide center (Ln . . . = Ln-C„ -l- 0 . 4 - 0.5 A). The Ln-Si^(2) 

distance falls well within the sum of the Van der Waals radii. A polarized, 
high-energy, spatially diffuse Si-Me o- bond is of a more appropriate 
energy to donate effectively into a lanthanide metal <f-orbital LUMO. 

In principle, ‘H, ‘^C, and ^*Si nuclei represent NMR probes that should 
be sensitive to interactions with an electrophilic lanthanide metal. In an 
attempt to differentiate between y-C-H-Ln and ) 3 -Si-Me-Ln interac¬ 
tions, a series of related organolanthanide complexes, all containing the 
CH(SiMe3)2 alkyl ligand was studied by variable-temperature solution and 
solid-state 'H, ‘-’C, and ^®Si NMR spectroscopy { 246 ). The dynamic nature 
of CH(SiMe3)2, even at - 90 °C in the solid state, prevented the accumula¬ 
tion of evidence that might have allowed differentiation between the inter¬ 
actions available to these flexible alkyl groups to facilitate stabilization 
of electrophilic lanthanide centers. 

In (C3Me5)Ln{CH(SiMe3)2}2 [Ln = La { 150 ), Ce { 158 ), Yb{N(SiMe3)2}2 
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Fig. 27. Molecular structure of {Me 2 Ge(C 5 Me 4 ) 2 }HoCH(SiMe 3 ) 2 . [Reprinted with permis¬ 
sion from Schumann et al. {247). Copyright (1991) American Chemical Society.] 


(Me2PCH2CH2PMe2) (88), {Me 2 Si(C 5 Me 4 ) 2 }NdCH(SiMe 3)2 ( 213 ), {Me2Si 
(C5Me4)(C5H4)}LuCH(SiMe3)2 ( 175 ), and {Me2Ge(C5Me4)2}HoCH 
(SiMe3)2 ( 247 ) (Fig. 27 ), the 'y-methyl group appears to adopt an energeti¬ 
cally favorable ( 248 ) staggered conformation, thereby maximizing all Ln 
. . . distances that are inevitably associated with the close Ln . . . 
Cy distance. This is in contrast to the orientation observed in C-H-M 
agostic interactions. 

Ab initio calculations ( 248 ) on the interaction in [Ti(C5H5)2(CMePh) 
SiMe3]AlCl4 ( 249 ) suggested that the jS-Si-C cr bond is the major donor 
to the metal center. A staggered y-Me group conformation occupied a 
local minimum, while an eclipsed conformation, in which one y-C-H 
bond is orientationally disposed to interact with the titanium center, is 
destabilized by 4 kcal mol"‘. 

Structural parameters of crystallographically characterized neutral lan¬ 
thanide species containing CH(SiMe3)2 or N(SiMe3)2 groups were collated 
( 246 ), together with [Ti(C5H3)2(CMePh)SiMe3]AlCl4 ( 249 ) and Th(C5Me5) 
{N(SiMe3)2}2 ( 250 ). The orientation of the jQ-Si-C cr bond, with respect to 
the metal center, can be defined by the parameters M-C^ and M-Si^. To 
compare Ln . . . X distances between different lanthanides, subtraction 
of the effective eight-coordinate ionic radius (I) ( 14 ) affords comparable 
M'-C^ and M'-Si^ distances. These fell in a narrow range. For CH(SiMe3)2 
average and M'-Si^ distances were 1.867 (0.11) A and 2.244 ( 0 . 085 ) 
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A, respectively. For N(SiMe3)2 average M'-C.^ and M'-Si^ distances were 
1.973 (O.I I) A and 2.205 ( 0 . 056 ) A, respectively. Coordination of a/3-Si-C 
cr bond would lead to just such a consistency of data, given the absence 
of other geometric constraints on these rather flexible groups. 


XVIII 

THERMODYNAMICS 

Concurrent with the greater understanding of the factors that determine 
the behavior of the organolanthanides, it has become increasingly apparent 
that the reactivity of the organolanthanides is not only influenced by steric 
or kinetic considerations, but also by thermodynamic factors ( 257 ). In 
extending thermochemical studies on the actinides, Marks ( 5 , 79 ) has exam¬ 
ined organolanthanide bond disruption enthalpies. Clear differences in 
bond disruption enthalpies dependent on ligand environment were ob¬ 
served. In the ligand series (C5Me5)2Ln, [Me2Si(C5Me4)2]Ln, and 
[Me2Si(C5Me4)(C5H4)]Ln, the more open ligand environment accelerates 
sterically sensitive reactions, although, as already noted (vide supra), 
Ln-C bond hydrogenolysis is a factor 10 ^ slower ( 775 ). The derived 
Lu-CH(SiMe3)2 bond disruption enthalpies (BDE) were found to progres¬ 
sively decrease for the ligand series above: 67 . 0 , 62 . 4 , and 55.1 kcal mol ~', 
respectively ( 5 ). The BDE’s for Sm-CH(SiMe3)2 also followed a similar 
trend. This trend was proposed to reflect diminishing electron donation, 
(C5Me5)2 > Me2Si(C5Me4)2 > Me2Si(C5Me4)(C5H4), and the nature of the 
bond dissociation process lLn'“-R ^ Ln“ -i- R-]- 

The Ln-H bond disruption enthalpies in the hydride series 
[(C5Me5)2LnH]2 (La, 66.6; Nd, 56 . 5 ; Sm, 52 . 4 ; Lu, 66.7 kcal mol'') showed 
no apparent trend ( 5 ). In addition, the thermodynamic determinant for / 3 - 
H elimination {D(Ln-H) - D(Ln-alkyl)} was found to be small ( 0-9 kcal 
mol"') and varied in no regular fashion with Ln^^ ionic radius ( 74 ). 

M.O. calculations indicated that the calculated bond disruption enthal¬ 
pies of M-Me bonds decreased form 220 kJ mol"' ( 52.6 kcal mol"') for 
(C5H5)2ScMe, to between 100 and 170 kJ mol"' ( 23 . 9 - 40.6 kcal mol"') 
for middle to late transition metal bonds. The nonpolarized bond is weak¬ 
ened by repulsive interactions between occupied metal orbitals and the 
fully occupied (mainly) 2 ^ C orbital of the methyl group. This repulsive 
interaction in the polarized Sc-Me bond in (C5H5)2ScMe is reduced consid¬ 
erably such that Sc-Me is calculated ( 78 ) to be as strong as Sc-H. 
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XIX 

LOW-OXIDATION-STATE CHEMISTRY 

There is an extensive chemistry of the lanthanides in low oxidation 
states. A comprehensive review of this area was published in 1987 ( 4 ). 
As mentioned in the Introduction, accessible Ln^^ oxidation states include 
Sm^^, Eu^"^, and Yb^^. The X-ray crystal structures of solvent-free 
(C5Me5)2Ln [Ln = Eu ( 252 ), Sm ( 106 ), Yb ( 98 , 253 )] have been determined 
and display a bent metallocene geometry as do (C5Me5)2M (M = Ca ( 254 ), 
Ba ( 254 , 255 ). Calculations on (C5H5)2M (M = Ca, Sr, Ba, Sm, Eu, Yb) 
( 256 ) showed that a linear geometry is favored. However, very shallow 
bending potentials reconciled these calculations with the experimentally 
determined results. Small intermolecular interactions were thought to 
cause the observed bent (also in the gas phase) structures. Interestingly, 
the bent metallocenes [l,3,-C5H3(SiMe3)2]2Ln (Ln = Eu, Yb) ( 257 ) are 
polymeric with unprecedented intermolecular interactions between the 
lanthanide metal and the y-Me group of a neighboring C5H3(SiMe3)2 ring. 
[l,3-C5H3(SiMe3)2]2Eu also possesses intramolecular agostic interactions 
with an Tj’.rj^-bridging cyclopentadienyl ring ( 257 ). The tetramethyl- 
ethylene bridged cyclopentadienyl organolanthanide(ll) [Me4C2 
(C5H4)2]Ln (Ln = Sm, Yb) ( 258 ) and the onio-Sm” complex [Me4C2(C5H3- 
/-Bu)2]Sm ( 259 ) were prepared by reaction of 6,6-dimethylfulvene with 
the lanthanide metal powder in the presence of HgCl2. 

An extensive chemistry of (C5Me5)2Sm ( 106 ) and (C5Me5)2Sm(THF)2 
(J 38 ) has been developed and exploited by Evans. The strongly reducing 
Sm‘“ —» Sm" couple, and oxophilicity of (C5Me5)2Sm has been used to 
effect the reductive homologation ( 260 ) of CO to 02CC=C==0^“, the 
formation of stereospecifically substituted indenoindenediolate complex 
( 261 ) from Ph(r=CPh and CO, the formal insertion of CO into the C=C 
bond of bis( 2 -pyridyl)ethene ( 262 ), and the double insertion of CO into 
the N=N bond of azobenzene ( 263 ). 

(C5Me5)2Sm(THF)2 reacts with CO to give tetrameric [(C5Me5)4Sm2 
(ju.-t}^-02CC==C=0)(THF)]2 ( 260 ) in 20% yield containing a dimetal-substi¬ 
tuted ketenecarboxylic acid moiety (Scheme 25 ). 


*■ 


O .O' 

(05^165)2811?^ 


V 




Sm (65^65)2 


{C5Me5)2SmCrHF)2 + CO 
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(C5Me5)2Sm(THF)2 reacts with PhC^CPh to give (C5Me5)2Sm- 
CPh=CPh-Sm(C5Me5)2 ( 145 a). Further treatment with CO led to the ste¬ 
reospecific synthesis of the indenoindenediolate complex ( 261 ) via CO 
insertion and subsequent insertion of the resulting carbene centers into 
ortho-C-Fl bonds to generate the two five-membered rings (Scheme 26 ). 


(C5Me5)2Sm(rHF)2 + PhCCPh + CO 


OSm(C5Me5)2 



OSm(C5Me5)2 


Reductive cleavage with Na/TFIF affords 5 , 10 -dihydroindeno 
[2,l,a]indene. 

The Sm-mediated functionalization of the C=C bond in bis( 2 -pyridyl) 
ethene into a bisenolate [RCH=C( 0 )C( 0 )=CHR]-“ has been reported 


( 262 ) (Scheme 27 ). 


(C5Me5)2Sm(THF)2 




Reaction of (C5Me5)2Sm(THF)2 with azobenzene allowed the intermedi¬ 
ate (C5Me5)2Sm-N(Ph)-N(Ph)Sm(C5Me5)2 to be isolated and crystallog- 
raphically identified ( 264 ). Reaction of (C5Me5)2Sm(THF)2 with two equiv¬ 
alents of azobenzene, however, afforded [(C5Me<i)2Sm]2(N2Ph2) ( 264 ). In 
THF, ligand redistribution slowly occurs to give the mono-C^Mes complex 
[(C5Me5)(THF)Sm]2(N2Ph2)2, which possesses two : i7^-N2Ph2 ligands, 
rather than /u-t)': 7 }'-N2Ph2, as in [(C5Me5)2Sm]2(N2Ph2). Reaction of 
[(C5Me5)2Sm]2(N2Ph2) with CO was attempted to parallel the reaction of 
(C5Me5)Sm(THF)2 with PhC=CPh and CO. This afforded, however, a 
quite different product [(C5Me5)2Sm]2[)u.-V-(PhN)OCCO(NPh)] 
( 263 ) (Scheme 28 ). 
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(C5Me5)2Sm 0’HF)2 
+ 

azobenzene 


CO 


(C5Me5)2 Sm 
\ 


Ph 

I 


N- 


^0 


/ 


Sm(C 5 Me 5)2 


Ph 


Consistent with the strongly reducing tendency of (C5Me5)2Sm, it is 
readily oxidized. Thus reduction with NO, N2O, C5H5NO, or preferably 
the epoxide 1 , 2 -epoxybutane, affords [(C 5 Me 5 ) 2 Sm] 2 (/i- 0 ) ( 265 ). Although 
treatment of oxophilic, highly reducing (C5Me5)2Ln led to fi-E species, 
slow crystallization of (C5Me5)2Sm from toluene under N2 gave the first 
dinitrogen complex of an/element [(C5Me5)2Sm]2(/i-T)-: t)^-N2) ( 108 ) con¬ 
taining an unusual side-on bound N2 ligand and a planar Sm(/i,-N2)Sm unit. 
A structurally analogous complex was obtained by reaction of (C5Me5)2Sm 
with BiPh3 in an inert solvent (hexane or cyclohexane). As well as PhPh 
and (C5Me5)2SmPh, [(C5Me5)2Sm]2(/i--T)^; ( 266 a) was formed: 

(C5Me5)2Sm + BiPh3 ^ [(C5Me5)2Sm]2(/A“7)“: T?‘-Bi2) + PhPh + (C5Me5)2SmPh. 

Based on a similar rationale, (C5Me5)2Sm was allowed to react with 
Sb(n-Bu)3 to give a complex of the triantimony Zintl ion [(C5Me5)2Sm]3 
(ix-n ^: - 7 ) 2 : T)'-Sb 3 )(THF) ( 266 ^). 

((i;5Me5)2Sm(THF)2 reacts ( 267 ) with pyridazine (C4H4N2) to couple the 
two pyradazine molecules in the 4 -position via a one-electron reduction 
and to form crystallographically characterized [(C5Me5)2(THF)Sm]2[(M-'i?''- 
(CH=NNCH=CHCH—)2)] (Scheme 29 ). PhCH=NN=CHPh was also 


(C5Me5)2Sm(THF)2 



(C5Me5)2(THF)Sm^^ 



Sm(C 5 Me 5 ) 2 {THF) 


reductively coupled via C-C bond formation to [(C5Me5)2Sm]2[(M''il''' 
(PhCH=NNCHPh—)2] (Scheme 30 ). In contrast, bipyridine reacts to form 
(C5Me5)2Sm(T)^-N2C8Hio). Although inconclusive, evidence suggested that 
this is best described as a Sm^"^ bipyridyl" species, rather than a Sm" 
adduct. 
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(C5Me5)2Sm(THF)2 + PhCH=NN==CHPh 


PhCH 

X 


Ph 

I 

CH 


N — N 

\/ 

Sm(C5Me5)2 


Sm (05^^65)2 

/\ 

N-N 

\ 

CHPh 


Ph 


It has been generally observed that (C5Me5)2Sm(THF)2 reacts with un¬ 
saturated molecules to give reductive coupling. Reaction of (C5Me5)2Sm 
with PhCH=CHPh or styrene affords the /li-alkene [(C5Me5)2Sm]2 
iix-tf -: T7‘*-alkene) ( 110 ). The geometries of the bridging ligand are reminis¬ 
cent of the jU-Tj^: tj^-N 2 complex ( 108 ). Different reactivity is observed 
with non-phenyl-substituted alkenes that cannot interact with Sm via the 
phenyl group. (C5Me5)2Sm reacts with excess propene, 1-butene, and 
allylbenzene to give the allyl species ( 51 ) (C5Me5)2Sm(T7^-CH2CHCHR') 
(R' = H, Me, Ph) ( 268 )-. 


(CjMestiSm + RCH=CH 2 (C5Me5),Sm(rj3-CH2CHCHR') + CH 3 CH 2 CH 2 R' 
r' = Me. Et. PhCHj R' = H, Me, Ph. 

Such species, were, as expected ( 57 , 75 , 76 ), also accessible from 
[(C5Me5)2SmH]2. Dimerization of 1 , 3 -butadiene by (C5Me5)2Sm gave the 
bis-allyl [(C5Me5)2Sm(jU,-T7^-CH2CHCHCH2—)]2 ( 268 ). Mechanisms to ra¬ 
tionalize these transformations were proposed. 

In contrast to the reaction of (C5Me5)2Sm(THF)2 with azobenzene, reac¬ 
tion with PhNHNHPh in hexane cleaved the N-N bond and afforded 
(C5Me5)2SmNHPh(THF) ( 269 ). Reaction of (C5Me5)2Sm or 
[(C5Me5)2SmH]2 with hydrazine (N2H4) afforded the jU,-hydrazido(2-) com¬ 
plex [(C5Me5)2Sm]2(Ai-T?^: tj^-NHNH). In contrast to the geometries found 
in ; t)^-N2 ( 108 ) and jx-tf -; T7^-Bi2 ( 266 ), the Sm(jU,-NN)Sm unit is not 
planar, but adopts a butterfly arrangement with the nitrogens displaced to 
one side of the Sm-Sm vector, rather than being symmetrically disposed. 
Protonation of this ju-hydrazido complex (or its THF adduct) with 
EtjNHBPh^ afforded cationic [(C5Me5)2Sm(T)2-NH2NH2)]BPh4 ( 270 ). 


XX 

TRIS(CYCLOPENTADIENYL) 

Given the aforementioned chemical uniformity of lanthanide chemistry 
for a given ligand environment, the solid-state structures of Ln(C5H5)3 
might have been expected to be monomeric with each cyclopentadienyl 
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ring 17’ bonded to the metal in a trigonal planar arrangement. However, 
a large structural diversity is observed. 

The X-ray crystal structures of the neutral trivalent tris(cyclopenta- 
dienyl) lanthanides, polymeric [(CsHOsLaJce ( 271 , 272 ), polymeric 
[(CsHsljYb]. ( 273 ), monomeric (MeC5H4)3Yb ( 274 ), polymeric [(17^- 
CjH5)2Lu(t7',i7^-C5H5)]x ( 275 ), tetrameric [(MeC5H4)3La]4 ( 276 ), tetrameric 
[(T 7 -'-MeC 5 H 4 ) 2 Ce(;ix-T 7 ‘,T 75 -MeC 5 H 4)]4 ( 277 ), (Me3SiC5H4)3Ce ( 277 ), 

(/BuC5H4)3Ce ( 277 ), {C5H3(SiMe3)2}3Ce ( 277 ), as well as Sm(t?5-C5Me5)3 
( 27 S), the mixed Sm(77-‘’-C5Me5),(V-C5H5) ( 279 ), dimeric, mixed valence 
(C5Me5)2Sm(/A-T7^:772-C5H5)Sm(C3Mej)2 ( 279 ), and {C5H3(SiMe3)2}3Sm 
( 280 ) have been determined. The X-ray crystal structures of the Lewis 
base adducts (C5H5)3Nd(THF) ( 281 ), (C5H5)3Lu(OEt2) ( 282 ), 

(C5H5)3Ln(NCMe)2 (Ln = La, Ce, Pr) ( 283 ), (MeC5H4)3Ce(PMe3) ( 284 ), 
(C5H5)3La(NCEt)2 ( 285 ), (C5H5)3Ln(NCEt) (Ln = La, Pr, Yb) ( 286 ), 
(C5H3)3Ln(py) (Ln = Sm, Nd) ( 287 ), tris-indenyl (C9H7)3Ln(OEt2) (Ln = 
Nd, Gd, Er) ( 288 ), (C5H4CH,CH20Me)3Pr ( 289 ), (C5H.,)3Dy(THF) ( 290 ), 
(C5H3)3Ce(L) [L = quin or P'(OCH2)3CEt] ( 291 ), (MeC5H4)3Ce(NC-r-Bu) 
( 277 ), and {C5H3(SiMe3)2}3Ce(NC-r-Bu) ( 277 ) have also been determined. 

Synthetic routes have involved reaction of LnCl3 with the appropriate 
cyclopentadieny 1 -alkali metal reagent. Exceptions to this generalization 
include the following: although reaction of CeCl3 with KC5H3SiMe3 gives 
base-free (Me3SiC5H4)3Ce ( 277 ), the bulkier metallocene {C5H3 
(SiMe3)2}3Ce ( 277 ) is not available by such a metathesis route. Instead, 
its preparation involved protonolysis of Ce{N(SiMe3)2}3 with the cyclopen- 
tadiene ( 277 ). An almost general synthetic method to base-free Ln(C5H5)3, 
and solvated Ln(C5H5)3 • L, involved treating a range of lanthanide metals 
with TIC5H4R (R = H, Me) in THF ( 292 ) or pyridine ( 295 ). 

For many years, the preparation of tris(C5Me5) complexes had been an 
elusive goal, it being considered that the steric bulk of the pentamethyl- 
cyclopentadienyl ligand precluded fitting three CjMe, ligands around a 
lanthanide metal center. The first example of a tris(C5Me5) complex Sm(T7^- 
C5Me5)3 ( 278 ) has been synthesized and structurally characterized: 

2Sm(T)’-C5Me5)2 + COT ^ SmCrj^-CsMej)} + (CjMe^SmCCOT). 

The trigonal planar coordination geometry around Sm minimizes ligand 
steric interactions (Fig. 28 ). The bonding in the Ln(C5H5)3 has been theoret¬ 
ically addressed ( 294 ) and compared to that of the actinide series. The 4 / 
orbitals and 6 s orbital of the lanthanides were shown to be less effective 
at bonding the cyclopentadienyl ligands. 

Reaction of Sm(T7^-C5Me5)2(T7^-C5H5) with (T7^-C5Me5)2Sm afforded the 
mixed valence (C5Me5)2Sm(ju,-T7'’: i7^-C5H5)Sm(C5Me5)2 ( 279 ), in which (x- 
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Fig. 28. Molecular structure of (C 5 Me 5 ) 3 Sm. [Reprinted with permission from Evans et 
aL (278) Copyright (1991) American Chemical Society.] 


C5H5 is 7 )^ bonded to (C5Me5)2Sm^“ and bound to (C5Me5)2Sm*^ (Fig. 29 ): 

Sm(T7^-C5Me5)2(T7^-C5H5) + (T7''-C5Me5)2Sm —> (C5Me5)2Sm(/i-7j'^: T7Lc5H5)Sm(C5Me5)2. 

One cyclopentadienyl ring in Ln(C5H5)3 is particularly suspectible to 
cleavage either by protonolysis ( 295 ) or by alkyllithium reagents. Hence, 
(t-BuC5H4)3Ce ( 277 ) reacts with alcohols or thiols to give the dimers [(/- 
BuC5H4)2Ce()Lt-ER)]2 (E = O, S; R = />Pr) ( 296 ). Bis(C5H5) species were 
also prepared by reaction of Ln(C5H5)3(THF) (Ln = Nd, Lu) with LiR 



Fig. 29. Molecular structure of (C 5 Me 5 ) 2 Sm(Ai-T?-'^: T 7 “-C 5 H 5 )Sm(C 5 Me 5 ) 2 . [Reprinted with 
permission from Evans and Ulibarri (279). Copyright (1987) American Chemical Society.] 


350 


COLIN SCHAVERIEN 


(R = CMcj, CHMeEt) to afford (C5H5)2LnR(THF) ( 297 ). These species 
decompose by / 3 -H elimination at low temperatures to the corresponding 
hydrides ( 295 ). Air-stable and water-soluble complexes Ln{C5(COOMe)5}3 
have been prepared by treating HC5(COOMe)5 with the lanthanide carbon¬ 
ates ( 299 ). The system Ln(C5H5)3/NaH in THF has been used to reduce 
1 -hexene, and to regioselectively reduce dienes ( 300 ). Structural data on 
Ln(C5H5)3 complexes have been correlated ( 301 ) and therefore are not 
further discussed here. 


XXI 

TETRAVALENT ORGANOLANTHANIDE CHEMISTRY 

Because of the highly oxidizing nature of Ce'*'^, few [in fact, just two 
( 302 )] genuine examples of an organometallic Ce"*"^ compound have been 
synthesized. Reaction of Ce( 0 -j-Pr )4 with Me3SnC5H5 led to the efficient 
synthesis of (C5H5)3CeO-/-Pr ( 303 ): 

Ce(0-j-Pr)4 + SMejSnCsH, — (C 5 H 5 ) 3 CeO-/-Pr + SRjSnO-i-Pr. 

Cyclic voltammetry showed that it is a relatively strong oxidizing agent 
and that one-electron reduction is both electrochemically and thermo- 
chemically reversible. Calculation and PES spectra indicated ( 303 ) it to 
be a genuine organometallic compound of Ce"', in contrast to Ce(COT)2. 
The X-ray structure of (CjHsljCeO-r-Bu, prepared from Ce(O-r-Bu) 
(N03)3(THF) and NaCjHj has been determined ( 304 ) (Fig. 30 ). 



C8 

Fig. 30. Molecular structure of (CsH 5 ) 3 CeO-i-Bu. [Reprinted with permission from Evans 
et al. (303). Copyright (1989) American Chemical Society.] 
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XXII 

CONCLUSIONS 

There is no doubt that a great wealth of structural types and diverse 
reactivity is available to the organolanthanides (i.e., 7r-arene coordination 
to Ln(0), /L 1 -N 2 complexes, homoleptic trisalkyls LnR 3 , and transforma¬ 
tions based on the (C 5 Me 5 ) 2 Sm^^ Sm*^^ reduction of organic substrates, 

asymmetric catalysis, and stereospecific polymerization, to name but a 
few of the late 1980s). Although the number of researchers involved in 
this field has not significantly expanded since the early 1980s, it certainly 
seems a more mature area of chemistry. This is partially afforded by a 
greater understanding of structural types and thermochemical data. The 
regular practitioners in this area have perhaps developed an intuitive 
'Teef' for the type of ligand environments compatible with stabilizing 
organolanthanide species. As the work, particularly of Bercaw and Marks, 
has aptly demonstrated, the greater steric and mechanistic understanding 
afforded by the bis(cyclopentadienyl) coordination sphere still lends itself 
to key advances. Rational and elegant ligand variations have recently led 
to advances in catalysis (i.e., isotactic polyolefins, C-C cr-bond activation, 
enantioselective hydroamination/cyclization of unsaturated amines). 

What of the future? New structural types will continue to be discovered, 
either serendipitiously or by design, and new ligand systems able to stabi¬ 
lize organolanthanide coordination spheres will continue to be found. 

Applications-driven research, for example, use of organolanthanides in 
MOCVD to manufacture thin films, will expand. A useful advance would 
be the efficient single-component polymerization of a olefins, without 
problems associated with 7r-allyl formation. The controlled preparation of 
well-defined block copolymers by single-component lanthanide catalysts is 
perhaps a likely candidate. The recently reported (228) polymerization of 
methylmethacrylate opens up new possibilities in this field. 


XXIII 

APPENDIX: ABBREVIATIONS 


Ln, lanthanide metal 
ETM, early transition metal 
M, a metal 

THF, telrahydrofuran 
THT, tetrahydrothiophene 
py, pyridine 
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hmpa, hexamethylphosphoramide 
dme, dimethoxyethane 

pmdeta, iV,iV,N^'.Ar,7V''-pentamethyldiethyltriamine 
DMF, dimethylformamide 

PPN"^, bis(triphenylphosphoranylidene)ammonium cation 
ArOH, 2,6-C6H3-t-Bu20H 
Ar'OH, HO-2,6-QH2-t-Bu2-4-Me 
disyl, CH(SiMe 3)2 

TMEDA, tetramethylethylenediamine 
L, a neutral ligand 
X, an anionic ligand 
acac, 2,4-pentanedionate 
COT, cyclooctatetraene dianion 
OEP, octaethylporphyrin dianion 
TTP, tetraphenylporphyrin dianion 
TTP, tetratolylporphyrin dianion 
TMP, tetramesitylporphyrin dianion 
Pc, phthalocyanine dianion 

TMPP, tetrakis(4-methoxyphenyl)porphyrin dianion 
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